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THE SOLUBILITY OF CHOLESTEROL IN BILE SALT 
SOLUTIONS 


By JOSEPH T. BASHOUR ano LOUIS BAUMAN 


(From the Department of Surgery, College of Physicians and Surgeons, 
Columbia University, New York) 


(Received for publication, June 23, 1937) 


The problem of cholesterol solubility in the bile and its precipi- 
tation in the gallbladder with subsequent formation of gallstones 
has been investigated on the basis of bile analyses. These studies 
have in general indicated a relationship between the amount of 
dissolved bile salts and cholesterol and have emphasized the 
importance of the bile salts as agents for the retention of cho- 
lesterol in solution. However, in view of the lack of precise 
information with respect to the individual constituents of bile and 
especially the bile salts, the available analytical figures may well be 
regarded with scepticism. It has been suggested that the bile 
salts exert a solvent effect on cholesterol by the formation of soluble 
molecular compounds of the choleic acid type, although no such 
compounds have been obtained synthetically with the conjugated 
bile acids or their salts. Work in this field has been hampered 
by the difficulty of obtaining pure conjugated acids in sufficient 
quantities. Spanner and Bauman (1), using the bile salts then 
available (from bile), titrated the solutions at room temperature 
with colloidal cholesterol and calculated solubilities from the 
end-points. The effect of variation of concentration was not 
considered. In view of the recent development of practical syn- 
thetic methods (2-3) for the preparation of chemically pure 
conjugated bile salts the solubility of cholesterol has been reinvesti- 
gated under controlled conditions. 


EXPERIMENTAL 


The bile salts (with the exception of the “‘tauro”’ salts which are 
obtained directly) were prepared by titration of the acids with 
sodium hydroxide in dilute alcoholic solution, evaporation to 
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2 Bile Salt-Cholesterol Solutions 
dryness, and recrystallization from suitable solvents. They were 
heated gradually to 138° in an Abderhalden dryer and dried to 
constant weight at this temperature to insure removal of traces of 
solvents other than water. Commercial cholesterol recrystallized 
from aleohol and dried at 100° was used.! 

Finely pulverized cholesterol in large excess was added to the 
bile salt solutions and shaken in a constant temperature bath at 
37.3° for 4 days. Further shaking produced no increase in dis- 
solved cholesterol. The mixtures were then allowed to stand in 
the bath without shaking till perfectly clear (2 days) and then 
filtered through a sintered glass filter (Jena No. 4) with the pre- 
cautions necessary to minimize evaporation. (Maintenance of the 
bath temperature during filtration and weighing of samples was 
found to be unnecessary.) A sample containing about 9 mg. of 
cholesterol was pipetted into a small beaker. Another sample 
(1 to 5 ec.) was then pipetted and weighed into a weighing bottle 
for determination of total solids. Cholesterol was determined by 
a modified gravimetric method (5). Total solids were determined 
by evaporation to a gelatinous residue on the steam bath, drying 
in the Abderhalden apparatus at 100° for 18 hours and 2 hours 
longer at 138°. The cholesterol value was subtracted from the 
total solids and the results expressed in mg. of cholesterol per gm. 
of bile salt (Fig. 1). 

The attainment of equilibrium was demonstrated by saturating 
solutions at the higher concentrations in the usual manner, diluting 
with water, and repeating the shaking process. The solubility 
(mg. of cholesterol per gm. of bile salt) fell in each case to that 
point on the curve obtained by using the dilute solution directly. 


DISCUSSION 


The plotted results (Fig. 1) show a definite relationship between 
the solvent effect of the bile salts and the concentrations of their 
solutions, indicating the possibility of the precipitation of cho- 
lesterol on dilution. | 

The increase in solvent effect is comparatively rapid until 
maximum values within the range studied are reached. This 


! Cholesterol purified by the dibromide method of Schoenheimer (4) for 
removal of saturated sterols gave results in good agreement with those 
obtained with commercial cholesterol purified only by reecrystallization 
from aleohol. 
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tendency is particularly marked in the desoxycholate group of 
curves, less so in the cholate group. The differences between 
conjugated and unconjugated salts appear to be purely quantita- 
tive, the latter being the better solvents. It is obvious that 
coupling with amino acids decreases the solvent effect of cholie 
and desoxycholie acids. 

It has not been possible to draw definite conclusions regarding 
the question of compound formation from these data. The pos- 
sibility of adsorption of cholesterol upon bile salt miceHes is being 
investigated through a study of bile salt solutions. Preliminary 
tests indicate that surface tension and pH are practically constant 


DE SOX YCHOL ATE 


BILE SALT (PERCENT) 
Fic. 1. Effeet of variation of bile salt coneentration on cholestero! 
solubility. 


over the concentration range studied, and that the equivalent 
conductance curve of sodium desoxycholate apparently contains 
no sharp change of slope which might be interpreted as a change 
from single molecules to aggregates with increasing concentration. 
On the other hand, the freezing points of the more concentrated 
solutions seem to indicate some degree of aggregation. This work 
is being continued. 
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THE RELATION OF VITAMIN D TO SKIN RESPIRATION 


By A. K. PRESNELL* 


(From the Department of Biochemistry, University of Cincinnati, Cincinnati) 


(Received for publication, June 24, 1937) 


The effect of sunlight on the skin is known to everyone; and 
its favorable action both on skin tuberculosis and general tuber- 
culosis, in stimulating the healing of obstinate ulcers and wounds, 
and on the general health and well being of the body, has made 
its use a routine procedure in hospitals and sanatoria. The 
discovery of vitamin D showed that this favorable action was due 
in large part, if not altogether, to the production in the skin of 
vitamin D, This suggests that vitamin D has a special action 
on the skin and led to the following experiments designed to show 
whether vitamin D affected the oxygen uptake of the skin itself, 
since skin respiration is at present the best measure we have of its 
vitality. 

We compared the oxygen uptake of the skin of white rats of 
the same age, and often litter mates, when on a vitamin D-defi- 
cient diet and on the same diet + vitamin D. The respiration 
was measured in the usual Warburg apparatus with all necessary 
precautions, the control and vitamin D-deficient skins being ex- 
amined side by side, in the same water bath and coincidentally. 
The technique was that used by Adams (1) in his similar study of 
vitamin Be. 

The general result obtained was that the oxygen uptake of the 
skins of rats on a vitamin D-deficient diet was only 50 to 70 per 
cent of the control rats. When vitamin D was added to the defi- 
cient diet, as the rickets improved so also did the skin consumption 
of oxygen, 


* Andrew Jergens Fellow in Biochemistry. 
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6 Vitamin D and Skin Respiration 


EXPERIMENTAL 


In the first series of experiments two lots of male albino rats 
when 25 days old and weighing from 30 to 50 gm. were placed on 
Steenbock’s Diet 2965 (2). Of these one-half was selected as 
controls, who received in addition to this diet 2.5 international 
units of vitamin D (Squibb’s viosterol in oil) per gm. of food. The 
vitamin D-deficient animals had the same amount of olive oil 
added to the diet. The first lot of rats was placed on the diet 
October 25, 1935, and the second December 31, 1935. There 
were thirty-eight rats in all. 

After 33 days on the diet, and at successive intervals thereafter 
up to 76 days, a control and a rat with rickets were taken, killed 
by a blow on the head, a sample of the shaved skin of the back 
removed, sliced, and placed in warm Ringer’s solution with glu- 
cose and buffered at 7.38 pH with phosphate. The oxygen uptake 
was measured for 2 or 3 hours at 37.5°. Nineteen pairs were thus 
examined in this series. 

The general result was that with the exception of two pairs, 
one after 51 days and one after 58 days on the diet in which the Ov 
uptake was the same in control and vitamin D-deficient rats, the 
oxygen uptake of the vitamin D-deficient animals was only 35 
per cent to 84 per cent that of the controls. 

An examination of the ash of the femurs showed the vitamin D- 
deficient animals had only about one-half the quantity of the 
controls. Rickets was well marked. 

There was considerable variation between the oxygen uptakes 
of both control and vitamin D-deficient animals on successive 
days. This variation we believe to have been due to variations 
in the temperature of the animal room at the time the animals 
were taken for observation. The uptake of Os, in e.mm. per 
hour per mg. of dry tissue, varied in the controls from 2.27 at the 
start of the experiment and 2.50 after 65 days on the diet + vita- 
min D to as low as 0.79 in one rat on the 49th day. And, in gen- 
eral, as the experiment proceeded, the oxygen uptake fell. The — 
rats on the vitamin D-deficient diets showed a still wider variation. 
The highest recorded Og uptake was 2.07 ¢.mm. per hour and the 
lowest 0.32. The average for the whole series was, for the control 
rats, 1.45 e.mm. per hour per mg. of dry matter, and 1.01 c.mm. 
in the rats deprived of vitamin D. The vitamin D-deficient rats 
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thus had an average skin respiration of 66 per cent of the controls. 
While there was this wide variation, always, with the two excep- 
tions mentioned, the vitamin D-deficient rat had a lower respira- 
tion than its control measured at the same time. 

In the next year the experiment was repeated with Wistar rats 
and litter mates were compared as far as possible, and the temper- 
ature of the animal room was kept more uniform. Also the state 
of rickets was controlled by x-ray photographs of the legs. After 
rickets was thus shown to be well developed in nine rats, vitamin 
I) was added to the diet to cure the rickets and the effect of this 
restoration on skin respiration was observed. These Wistar rats 
required a much longer time on the rachitogenie diet to become 
rachitic than did the rats of the vear before, obtained from another 
dealer. 


Results 


The results were much more uniform in this series. The QOz 
of the first pair at 56 days of age and after 26 days on the diets 
was nearly the same, within the limits of error, being 1.39 in the 
control and 1.65 in the vitamin D-deficient rat. In the next nine 
pairs the values for the vitamin D-deficient rats were always sig- 
nificantly lower than their controls and there was in general a 
falling off of respiration in both as the experiment proceeded. The 
last pair, after 89 and 82 days on the diets, respectively, had an 
oxygen uptake of 1.01 ¢.mm. in the control and 0.61 in the vita- 
min D-deficient rat. The average of the controls was 1.19 ¢.mm. 
and of the vitamin D-deficient rats 0.86, so that on the average 
the vitamin D-deficient rats had an oxygen uptake only 70 per 
cent of the controls. 

In nine pairs, after about 100 days on the diet and when the 
differences of skin respiration had become pronounced, vitamin D 
was added to the diet of the deficient animals and when the x-ray 
showed that the rats had begun to recover from the rickets, on 
successive days up to 135 days, pairs were killed and examined. 
In all of these rats, with the exception of one pair, the respiration 
was now the same, within limits of error of observation, in the 
skins of those which had had rickets and those which had not had 
it. In one pair the rat which had had rickets still showed a defi- 
cieney in its skin oxygen uptake as compared with the control, the 


4 
q 
t 
7 
4 
3 
4 
+ 
a 
¢ 
¢ 
4 
ig 
+ 
4g 
4 
BY 
iy 
i 
4 


S Vitamin D and Skin Respiration 


uptake being only 76 per cent of the control. The respiration of 
both controls and rats which had had rickets but which had re- 
covered therefrom continued slowly to fall as the experiment pro- 
ceeded. The average respiration of the controls was 0.836 and of 
the previously rachitic rats was 0.849 e.mm. of O» per hour per mg. 
of dry tissue. These results are identical within observational 
errors. So that the addition of vitamin D to the diet restored 
the respiration of the skin to the same level as it was in the control 


rats. 


SUMMARY 


The oxygen uptake of the skins of rachitic rats is only 60 to 
70 per cent of that of the skins of rats of the same age and often 
of the same litter which were on the same diet with the exception 
that a small amount of vitamin D, sufficient to prevent rickets, 
had been added. And when vitamin D was added to the diet of 
the rachitic rats, as they recovered from rickets the skin respiration 
improved and reached the same figure as the controls. | 

This shows that vitamin D has an effect on the respiration of 
the skin, and so on its vitality, a result which is in harmony with 
clinical observations. 

Whether this effect is a direct one, the vitamin acting on the 
eale1um phosphate metabolism of the skin, or an indirect one 
through the change in blood calcium and phosphorus, or through 
the thyroid or other internal secretion, cannot be said. 
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STUDIES OF MULTIVALENT AMINO ACIDS AND 
PEPTIDES 


IX. THE SYNTHESIS OF /-CYSTINYL-/-CYSTINE 
By JESSE P. GREENSTEIN 


(From the Department of Physical Chemistry, Harvard Medical School, 
Boston) 


(Rteceived for publication, July 12, 1937) 


The behavior on oxidation of molecules containing two or more 
thiol groups is of considerable biological interest, inasmuch as 
the physiological characteristics of many proteins are altered by 
SH:S—S transformations. Proteins contain several actual or 
potential sulfhydryl groups. The problem of polysulfur oxidation 
and reduction in the protein molecule is undeniably complex. 
For its further elucidation, it would seem desirable to possess 
information on simpler synthetic molecules containing two or 
more sulfhydryl groups in the hope that they might simulate the 
more complex behavior of the protein. Such molecules are avail- 
able in the form of the homologous dimercaptobenzenes (5-8) 
but it would appear to be more suitable for the present purpose if 
substances of biological origin were employed. 

For this reason, the study of cysteinyleysteine derivatives was 
chosen, and in a previous communication, the preparation of 
crystalline anhydro-l-cysteinyl-l-cysteine (I) was described (4). 
This dithiol diketopiperazine, possessing two functional mercaptan 
groups yields on oxidation the crystalline dimer, bisanhydro-l- 
cystinyl-l-cystine (II). An extensive polymerization yielding a 
large molecule apparently does not occur. According to Caro- 
ther’s description of bifunctional reactions (2) the above oxidation 
consists of an intermolecular reaction in the first stage followed in 
the subsequent stage by an intramolecular condensation. 

More important, however, from the physiological point of view 
would be an analogous study of the free peptide, l-cysteinyl-l- 
eysteine. This substance (III) was therefore prepared from the 
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NHCO 

S—CH;CH CHCH.—S 
CONH 
SH— CH.CH CHCH,—SH —— | 

CONH 
NHCO | 
S——-CH,CH CHCH:—S 

NHCO 
I 


diketopiperazine (1) by allowing the latter to stand in cold con- 
centrated hydrochloric acid solution for several days. The pep- 
tide hydrochloride separates in about 35 per cent yield in the form 
of long prisms.' On oxidation, it yields a pure crystalline product 
which on the basis of present studies appears to be the dimer, 
l-cystinyl-l-cystine (IV). 


CONH. NH; COOH 
SH—CH.CH CHCH,—SH ——> SH— CH.CHCONHCHCH:—SH 
NHCO 
I 


NH, COOH 


i 


COOH NH; 
IV 


1 The ease with which the homogeneous diketopiperazine ring of cys- 
teine is opened can be matched only by the analogous compound of gly- 
cine. The corresponding homogeneous rings of alanine and of leucine 
require prolonged heating with strong acid before they are opened. 
Anhydrohistidylhistidine and anhydrotyrosyltyrosine, each of which like 
cysteine may be considered to be 8-substituted alanines, are completely 
resistant to acids and require several days treatment with alkali in order to 
be converted to the peptide. It would appear that the presence of the 
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The molecular weight of (LV) was determined by converting the 
peptide into the N,N’-dibenzoyleystinyleystine dimethyl ester 
derivative (V) and measuring the freezing point depression of its 
solution in glacial acetic acid. On the basis of the results ob- 
tained, a dimeric structure has been tentatively assigned to (IV). 


NHCOC,H; COOCH; 
S—CH,CHCONH CHCH;—S8 
S—CH,CHNHCO CHCH;—S 

| 


COOCH; NHCOC.H; 


The process of cyclic polymerization is apparently the same for 
both diketopiperazine and peptide. In the present instances the 
transformation is of a monomer=—dimer type. The same holds 
true of course for the cysteine to cystine transformation, but it 
could not so readily be assumed to apply to the case of molecules 
containing more than one thiol group. Whether the reduced and 
oxidized forms of the protein exist in this relation cannot as yet be 
affirmed and must await experimental investigation. 

Among other derivatives of cystinyleystine, the beautifully 
crystalline dihydrochloride was prepared. 

The peptide /-cystinyl-l-cystine yields on mild hydrolysis with 
hydrochloric acid a 75 per cent yield of l-cystine in the form of 
hexagonal plates. The course of the reactions beginning with 
l-eystine and ending with [-cystine is as follows: 


DiCbzo cystine — DiCbzo cystinyl chloride 


Cystine DiCbzo cystinyl- 
dieysteinyl 
Cysteine — cysteine ethyl ester ethyl ester 


-» Cysteinyleysteine ethyl ester — anhydrocysteinyleysteine —> 
—» Cysteinyleysteine — cystinylcystine — cystine 


(Cbzo = CsH;CH.OCO) 


mercaptan groups exerts a distinct labilizing influence on the ring of anhy- 
drocysteinyleysteine. On the other hand, bisanhydrocystinylceystine is 
quite resistant to strong HC! and prolonged boiling leads only to a complete 
hydrolysis to cystine. 
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It is interesting that these many transformations of cystine are 
effected with practically no loss of optical activity: the cystine 
obtained by hydrolysis of the peptide possessed an [a]?* = —211° 
for 0.355 per cent solution in 0.21 N HCl; under the same condi- 
tions, the cystine used as starting material for the syntheses 
possessed an [a]? = —217°. 

The over-all yield of the peptide cystinyleystine is unfortunately 
very low. The greatest loss occurs at the diketopiperazine stage, 
the formation of this type of compound being a notoriously poor 
reaction. For the physicochemical studies contemplated with 
this substance, it would be desirable to have a larger amount avail- 
able. It is conceivable that a different course of synthesis would 
yield a larger amount of the peptide and a further investigation 
of this problem is now under way. 


EXPERIMENTAL 


l-Cysteinyl-l-Cysteine Hydrochloride (ITI)--9.4 gm. of anhydro- 
cysteinyleysteine (1) (4) were dissolved with gentle shaking in 
exactly 6 times the amount of cold concentrated hydrochloric 
acid (35 to 37 per cent), the flask filled with hydrogen, and the 
solution allowed to stand at room temperature for 4 days. After 
2 days, crystallization of the peptide hydrochloride began and was 
complete after 4 days. The substance separated in long prisms. 
It was filtered off, washed with aleohol and ether, and dried in 
vacuo at room temperature. The yield amounted to 4.5 gm. The 
substance began to sinter at 152° and melted with decomposition 
at 158°. 

It was recrystallized by dissolving in the minimum amount of 
cold water, filtering, and adding to the filtrate, rapidly, an excess 
of cold, purified dioxane. A milky turbidity resulted which 
quickly resolved itself into a snow-white crystallization of well 
formed prisms. The material is then immediately filtered off, 
washed with a little dioxane, and then with dry ether. It is 
advisable to filter off the crystals when they are formed, inasmuch 
as on standing the supernatant liquid turns yellow, and the sub- 
stance becomes amorphous. The peptide hydrochloride now 
melted with decomposition at 166°. 

The substance gave a heavy, flocculent precipitate with heavy 
metal salts and a strong nitroprusside reaction lasting several 
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minutes. The aqueous solution was strongly acid to Congo red. 
It apparently crystallized with 1 molecule of water of erystalliza- 
tion. 


+ + 1ZHCI (296.8) 
Calculated. C 24.2, H 5.2, N 9.4, S 21.5, Cl 18.0 


Calculated for 1 molecule of crystal water, 6.0 per cent; found 
after drying for several hours at 56° and 4 mm., 6.0 per cent. It 
was felt inadvisable to employ higher temperatures and lower 
pressures because of the danger of losing hydrogen chloride (1). 
[a]** for a 1 per cent solution in 0.20 Nn HCl was +35°. 

l-Cystinyl-l-Cystine IV)—0.5 gm. of cysteinyleysteine hydro- 
chloride was dissolved in 20 ec. of HeO and enough ammonia solu- 
tion was added to make the pH of the solution about 8.5. The 
solution smelled strongly of mercaptan. A rapid current of air 
was bubbled through the solution until the nitroprusside reaction 
and simultaneously the mercaptan odor had disappeared. This 
took about 12 hours. The filtered solution was allowed to evap- 
orate in a vacuum desiccator over P2O; and concentrated HSQO,. 
The oxidized peptide, cystinyleystine, crystallized out in the form 
of long needles. When the entire bulk was down to dryness, it 
was taken up several times and rubbed with excess of cold water, 
filtered off, and washed with more water, alcohol, and ether. 
The yield amounted to 0.25 gm. It was purified by dissolving in 
an excess of hot water; the solution was brought rapidly to a boil 
and treated with a pinch of norit. The clear filtrate was con- 
densed in vacuo and yielded 0.20 gm. of colorless prisms. The 
substance turned dark on heating at 200° and blackened grad- 
ually without melting on further heating up to 310°. /-Cystine 
melts at 260°. It is quite insoluble in cold water but dissolves 
in boiling water to the extent of about 2 gm. per liter, forming 
a supersaturated solution. It is very soluble in cold mineral 


*The abnormal values for the chloride analysis (Pregl) indicate that ex- 
tra hydrochloric acid is probably mechanically bound inthe molecule. A 
titration with standard alkali in aqueous solution to methyl red checked 
the gravimetric results closely. It is probable that several recrystalliza- 
tions are necessary to remove the excess acid. This point will be returned 
to ina subsequent communication. 
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acids and dilute alkali in contradistinction to anhydrocystiny]- 
cystine. [a]** = —60° percent solution in 1 HCl. The 
aqueous solution of the peptide was acid to litmus but alkaline 
to Congo red; it gave a positive reaction with the Folin uric acid 
reagent with sulfite, and a flocculent precipitate with heavy metal 
salts. 

The rate of oxidation of cysteinylcysteine in solution can be 
enormously accelerated by adding a few ce. of FeCl, solution. 
The aeration is now complete within 3 hours instead of the 12 
hours required in the absence of appreciable quantities of iron. 
The removal of the yellow color.due to the iron can be achieved, 
however, only after prolonged treatment with norit. The latter 
adsorbs a considerable quantity of the peptide, and the yield of 
quite pure, long, silky needles of cystinyleystine from | gm. of 
cysteinyleysteine hydrochloride, for example, amounted only to 
0.15 gm. 

The influence of the pH on the oxidation is also noteworthy. 
An attempt to perform the aeration at pH 7.2 resulted in the sep- 
aration after | hour of a considerable amount of flocculent material, 
no doubt the oxidized peptide, from solution. Addition of am- 
monia to bring the pH up to 8.5 carried this material back into 
solution, but the oxidized product finally obtained was gelatinous 
in appearance. 

For analysis, the crystalline material was dried over POs; for 
several hours at room temperature. The peptide contains 2 
molecules of crystal water which are readily removed on drying at 
higher temperatures. 


+ 2H2O (480 2) 
Caleulated. ( 29.9, H 4.9, N 11.7, S 26.6 


The substance on drying for 2 hours at 78° and 4 mm. lost 8.0 
per cent in weight; calculated for 2 moles of crystal water, 7.5 per 
eent. 

l-Cystinyl-l-Cystine Dihydrochloride—0O.1\ gm. of the free peptide 
was dissolved in 5 cc. of water containing a little more than the 
theoretical amount of hydrochloric acid. To the clear solution 
was added an excess of purified dioxane, and the initially turbid 
mixture was allowed to stand at room temperature for 2 days. 
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The hydrochloride salt slowly precipitated in tufts of long, thin 
needles. The rate of crystallization of the dihydrochloride of 
cystinyleystine from dioxane-water mixture was thus very much 
slower than that of cysteinylcysteine hydrochloride from the 
same type of mixture. The material was filtered off, washed with 
dioxane, and dried. Yield 0.1 gm. The substance, heated in a 
capillary tube, turned brown at 200° and steadily darkened with- 
out melting up to 300°. It apparently crystallized with 4 moles of 
erystal water. The ratio of N:Cl is normal. 


Sy + (589.2) 
(‘aleulated. N 9.5, Cl 12.0 
found. 


Molecular Weight Determination of Cystinylcystine—The great 
insolubility of the peptide rendered the usual methods of de- 
termining its molecular weight impracticable. The method of 
diffusion was at first resorted to as described in the preceding paper 
(4). For a 0.2 per cent solution, 1 ce. required 24.5 hours to dif- 
fuse. Comparison with the rates of diffusion for substances of 
known molecular weight indicated that the peptide possessed a 
molecular weight in the neighborhood of 450. Although the 
diffusion method under these circumstances is hardly capable of 
an accuracy greater than 20 to 30 per cent, the determination here 
is sufficiently accurate to distinguish differences in the degree of 
polymerization which vary well outside this limit in the case of 
the small polymers. 

In order, however, to determine the molecular weight of the 
peptide with greater precision and by a more fundamental method, 
it was thought advisable to convert the peptide to the N,N’- 
dibenzoyldimethyl ester derivative wherein the ionizing groups 
would be masked. This compound was soluble in certain 
non-aqueous solvents and the freezing points of its solutions could: 
be conveniently measured. 

N,N’-Dibenzoylcystinyleystine—0.6 gm. of cystinyleystine was 
dissolved in 5 ec. of HeO and 10 ce. of saturated KHCQO, solution 
and the mixture chilled. Over 30 minutes there was added 
at room temperature 0.5 ce. of freshly distilled benzoyl chloride 
with strong shaking. The solution was then filtered clear and 
carefully treated with 5 nN HCl until the reaction was acid to 
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Congo red paper. A dense white precipitate appeared. It was 
filtered off, washed thoroughly with water, and dried. The ma- 
terial was finely pulverized and extracted with warm ether several 
times. Yield 0.5 gm. M.p. 220° with foaming. The melting 
point of dibenzoyl-l-cystine is 181° (3). 

(652.2) 

Calculated, N 8.5; found, N 8.5 

N,N’-Dibenzoyleystinyleystine Dimethyl Ester (V)—0.45 gm. 
of the dibenzoyl derivative was dissolved in 15 ce. of warm meth- 
anol and treated when cooled with an excess of an ether solution of 
diazomethane, On evaporation a white solid remained. It was 
brought to the filter with an ethyl acetate-ether mixture, washed 
with ether, and dried. It was crystallized out of a glacial acetic 
acid-ether mixture. Yield 0.3 g@m. The substance melted at 
180° and decomposed with foaming at 257°. 

CesHgOsN (680.2) 

Calculated, N 8.2; found, N 8.2 

0.20 gm. of the N,N’-dibenzoyleystinylceystine dimethyl ester 
dissolved in 11.98 gm. of glacial acetic acid lowered the freezing 
point of the pure solvent by 0.102°; molecular weight calculated, 
680.2; found 639. 

It appears, therefore, that the molecule obtained by the oxida- 
tion of cysteinyleysteine is the dimeric form, cystinyleystine. 

Hydrolysis of l-Cystinyl-l-Cystine—80 mg. of the peptide were 
dissolved in 10 ce. of 5 N HCl and boiled under the reflux in an 
oil bath for 2 hours. The solution (rather yellow in color) was 
taken down to dryness in the vacuum desiccator, yielding long 
needles. The latter was washed with alcohol and ether and dis- 
solved in a little water. On careful addition of dilute sodium 
acetate solution, hexagonal plates began to precipitate The 
vield of L-eystine amounted to 0.06 gm. or 75 per cent of the 


theory. [a]** = —211° for a 0.355 per cent solution in 0.21 N 
HCl. faj* = —217° for the same concentration of the commer- 


cial l-cystine used for the above synthesis. 
Practically no racemization had occurred throughout the long 
ehain of reactions beginning with cystine and ending with cystine. 


(240) 
Caleulated, N 11.7; found, N 11.9 
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SUMMARY 


1. The crystalline peptide, l-cysteinyl-l-cysteine hydrochloride, 
was prepared from the crystalline diketopiperazine, anhydro-l- 
cysteinyl-l-cysteine, by allowing the latter to stand in cold con- 
centrated hydrochloric acid solution for several days. 

2. The dithiol peptide was converted by oxidation into the crys- 
talline dimer, l-cystinyl-/-cystine. Molecular weight determina- 
tions on the free peptide and on N,N’-dibenzoyleystinyleystine 
dimethyl ester confirmed the assignment of the dimeric form to 
the oxidized peptide. 

3. The crystalline dihydrochloride salt of cystinyleystine was 
prepared. 

4. Hydrolysis of cystinyleystine yielded l-cystine, which had 
the same optical activity as the initial /-cystine used in the syn- 
thesis. 
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THE LIVER LIPIDS IN NORMAL DOGS ON DIFFERENT 
TYPES OF FAT, WITH AND WITHOUT ADDED LECITHIN 
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(From the Laboratories of the Department of Medicine, New York University 
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In the course of a study of the effect of lecithin on the liver 
lipids of depancreatized dogs, data were also obtained with the 
same animals before pancreatectomy, in order to observe the com- 
parative effect of the diets used in the depancreatized and the nor- 
mal group. 


EXPERIMENTAL 


Diets—The basic diet consisted of: 


Salt mixture (Cowgill (1)).................: * 


Raw lean beef was fed to fifteen of the animals, meat powder to 
eighteen. Dogs weighing more than 15 kilos were given in addi- 
tion 30 gm. of sucrose daily. Fat was added to the diet in one of 
three forms: (a) 20 ml. of cod liver oil (Mead Johnson), (b) 5 ml. of 
a 0.3 per cent solution of carotene in oil (S.M.A.) and 15 ml. of Ma- 
zola, or (c) 30 gm. of Crisco. Cod liver oil and carotene were used 
because we were also studying their effect on the vitamin A and 
carotene contents of the livers of these animals. Of the seven- 
teen dogs receiving cod liver oil, six were given in addition a sup- 
plement of 10 gm. of crude egg yolk lecithin (John Carle and Son). 
Of the sixteen animals receiving the carotene and Mazola mixture, 
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20 Liver Lipids in Normal Dogs 


seven were fed the lecithin supplement. None of the five animals 
fed Crisco was given lecithin. As analyzed in this laboratory, the 
lecithin preparation contained 94.2 per cent of material soluble in 
aleohol-ether, of which 72.8 per cent was lecithin. The Crisco 
diet was deficient in vitamin A; otherwise all the dogs received 
adequate amounts of vitamins A, D, and the B complex. In 
each group animals were maintained on the diets for varying 
periods. The minimal periods ranged from 10 to 48 days, the 
maximal from 216 to 406 days. The animals were kept in separate 
metabolism cages and fed daily at 4 p.m. 

Sampling of Liver —All samples were removed under ether anes- 
thesia in the postabsorptive state, 22 hours after the preceding 
meal. In taking samples for analysis, we avoided the peripheral 
margin of the liver samples. 

In several instances, dogs (Nos. 134, 140, 142, 1438, 161) sub- 
jected to repeated sampling of the liver have been included with 
the other normal animals. It will be noted that the lipid values 
observed in these cases fall within the range of the others. It is 
therefore concluded that sampling per se caused no enduring aber- 
rations in the liver lipids. 

Extraction of Lipids from Liver—TVhe liver tissue (5 to 10 gm.) 
removed at operation was weighed and ground immediately with a 
known amount of sand. The material was transferred quantita- 
tively with 150 ml. of aleohol-ether (3:1) to a tared flask and re- 
fluxed for 1 hour at about 55°. The extract, cooled to room tem- 
perature, was then filtered through a weighed fat-free filter paper 
into a 500 ml. volumetric flask. The extraction was repeated for 
1 hour periods with alcohol-ether and finally with ethyl ether 
only. The combined extracts were made up to 500 ml. and mixed 
thoroughly. 

Petroleum Ether Extract--An aliquot (200 to 300 ml.) of the 
alcohol-ether extract was concentrated at 40—-50° under reduced 
pressure to near dryness, acidified with a drop of 2 N HCl, and 
immediately taken up in 100 ml. of petroleum ether. After stand- 
ing overnight (2), the petroleum ether extract was filtered into a 
200 ml. volumetric flask and made up to volume. Aliquot por- 
tions of this extract were taken for the determination of total 
lipid, lipoid phosphorus, unsaponifiable material, total fatty acids, 
and the iodine number of the total fatty acids. 
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Total Lipids —These were determined by weighing the residue 
of an aliquot of the petroleum ether extract that had been evap- 
orated to dryness. 

Lipoid Phosphorus Vhe method of Fiske and Subbarow (3, 4) 
was employed on suitable aliquots of the petroleum ether extract. 

( nsaponifiable Material— A third aliquot of the petroleum ether 
extract was saponified for 2 hours in aleoholie solution under 
nitrogen with | or 2 ml. of 50 per cent potassium hydroxide solu- 
tion. The unsaponifiable fraction was extracted with petroleum 
ether, evaporated to dryness, and weighed. 

Total Fatty Acids— After acidification of the saponified residue 
with HC], the total fatty acids were extracted with petroleum 
ether. Aliquots were taken for weight and iodine number. The 
micromodifieation hy Yasuda (5) of the Rosenmund and Kuhnhenn 
method was used for iodine number determination. 

Free and Total Cholesterol— Aliquots of the original aleohol- 
ether extract were used for the determination of free and total 
cholesterol by a modification of the microgravimetrie digitonin 
method described by Man and Peters (4) for serum cholesterol. 
For free cholesterol, 2 ml. of a 0.5 per cent solution of digitonin in 
80 per cent alcohol were added to the aleohol-ether aliquot, and 
evaporated to dryness. The aliquot for total cholesterol was 
saponified with 0.1 ml. of saturated potassium hydroxide, re- 
dissolved in aleohol, acidified with HCI, and, after the addition of 
2 mil. of 0.5 per cent digitonin, evaporated to dryness. The cho- 
lesterol digitonide, both free and total, was filtered into Jena 
fritted glass funnels, porosity G4, of 10 ml. capacity and weighing 
less than 8 gm. These were weighed on a microbalance. It was 
noted that a precipitate was sometimes formed, particularly in the 
total cholesterol determinations, which from its appearance and 
behavior was obviously not cholesterol digitonide and which when 
weighed with the digitonide gave erroneous results. ‘Therefore 
the cholesterol digitonide was removed from the filter, after being 
weighed, by dissolving it in the funnel in several portions of boiling 
methyl alcohol, as recommended by Boyd (6). This was sucked 
through and the filter was washed with methyl alcohol and ether, 

dried, and weighed again. 

Values for total cholesterol obtained by this procedure agreed, 
within the limits of experimental error, in samples taken from the 
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original aleohol-ether extract, with aliquots of the unsaponifiable 
fraction. Recovery of known amounts of cholesterol added to 
tissue extracts varied between 96 and 103 per cent. 

Water in Liver—The tared filter paper and its contents were 
placed in the extraction flask and the whole dried at 40° in a warm 
air oven for several days, and then weighed. To the weight of 
dry defatted liver so obtained was added the total lipid to give the 
value for total solids. The difference between the wet weight of 
the liver and the total solids was calculated as the water content of 
the liver. 

From the experimental values obtained from the above pro- 
cedures, the other lipid values were caleulated. Cholesterol com- 
hined as ester Was obtained by subtracting the free from the total 
cholesterol. Phospholipid and phospholipid fatty acids were com- 
puted from the petroleum ether-soluble phosphorus as stearyl- 
oleyl lecithin (7) (3.85 per cent P, 71 per cent fatty acids). The 
value for ‘“‘neutral fat’? was obtained by subtracting from the value 
of the total fatty acids, the phospholipid fatty acids plus the fatty 
acids in combination with cholesterol as esters, and then dividing 
by 0.95 to convert the residual fatty acids thus obtained to tri- 
glycerides. 

All solvents employed in this investigation were freshly distilled. 
The ethyl alcohol gave no test for aldehydes, the ethyl ether was 
peroxide-free, and the petroleum ether (distilling below 50°) gave 
no detectable blank in the estimation of the iodine number. 


DISCUSSION 


Agreement of Duplicates—The average percentage deviations 
from the mean in duplicate analyses of the same liver extract were 
as follows: total lipid 1.3, unsaponifiable 1.8, total fatty acids 1.0, 
iodine number of total fatty acids 2.5, lipoid phosphorus 2.0, free 
cholesterol 2.2, total cholesterol 3.0.! 

Kstimation of the total lipid by summation of the phospholipid, : 
neutral fat, and the unsaponifiable fractions leads to values which 
are, on the average, 10 per cent lower than those obtained directly 


1 At the request of the Editors the detailed data summarized in Tables I 
and II are not included in this paper. The detailed data will be referred 
by the authors to anyone who is interested. 
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by weighing the residue from an aliquot of the petroleum ether 
extract. A systematic check of the procedure failed to make ap- 
parent any reason for this deficiency. Similar discrepancies have 
been reported by others. In a study of serum lipids, Wilson and 
Hansen (8) found that the saponifiable fraction averaged 81 per 
cent of the total lipoid phosphorus, the unsaponifiable phospho- 
lipid ranging between 7 and 32 per cent of the total. After making 
allowance for this fraction, these authors found that, “The ma- 
terial unaccounted for averaged 3.8 per cent of the total lipid [as 
determined by the gravimetric method of Wilson and Hanner 
(9), in which there is no saponification], the sum of the three frac- 
tions being less than the total in every instance.” Man and Gil- 
dea (10) were similarly able to recover only 82 per cent of the theo- 
retical amount of fatty acids of a purified lecithin saponified with 
potassium hydroxide. These authors therefore add 18 per cent 
of the phospholipid fatty acids to their values for total fatty acids. 
Since our saponification procedure follows closely that of Man and 
Gildea, it is interesting to note that the application of their cor- 
rection factor to our data causes the mean estimate of total lipids 
by summation to agree within 2 per cent with the directly deter- 
mined value. | 

Statistical Analysis—-The results of a statistical analysis of the 
detailed data are given in Tables I and II. The results shown in 
Table I suggest that, except for the variations in the iodine num- 
bers of the total fatty acids, there is no significant difference in 
any lipid fraction among the various dietary classes. This con- 
clusion is borne out, as shown in Table II, by the results of an 
analysis of variance according to Fisher (11), with the notation of 
Page ct al. (12). In no case, except for the iodine numbers, does 
the critical ratio lie between oeie; and unity, indicating with a 
probability of 90 per cent that there is no greater variation among 
the five classes than would be expected in any one class. 

Regrouping the data in other ways revealed no significant differ- 
ences Which might depend on whether the animals received meat 
powder or lean beef, or on the length of time that a given diet was 
fed. In the latter connection, it is of interest to note that inges- 
tion of the lecithin supplement for extended periods of time had no 
apparent effect on the phospholipid content of the liver. 
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Liver Lipids in Normal Dogs 


SUMMARY 


The results of lipid analyses of the livers of thirty-three normal 
dogs by a microgravimetric technique are reported. When 
divided into five classes, according to the type of fat added to the 
basal diet, the total lipids and the individual lipid fractions, except 


for 


the iodine numbers of the total fatty acids, show no statistically 


significant differences among the classes. 
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THE SYNTHESIS OF p-BROMOPHENYLMERCAPTURIC 
ACID IN THE FASTING RABBIT 


By WILLIAM J. CONWAY 


(From the Department of Chemistry, Fordham University, New York) 


(Received for publication, July 7, 1937) 


It has been shown that dogs after a fast of 4 to 5 weeks were 
able to synthesize p-bromophenylmercapturic acid from adminis- 
tered bromobenzene (1). The synthesis of merecapturie acid was 
also demonstrated in fasting cats (2). Nishimura (3) concluded 
from his experiments that fasting rabbits synthesize p-bromo- 
phenylmereapturic acid. It should be pointed out, however, 
that in Nishimura’s experiments the fasting period was rather 
short and the possibility was not excluded of utilization of cystine 
from the so called circulating or stored protein which, as has been 
shown by Voit (4), is not depleted after short periods of fasting. 
Moreover, evidence has been presented by Ashworth and Brody 
(5) that the time after which the value of urinary nitrogen can be 
considered as endogenous depends on the level of the protein fed 
prior to the protein-free régime. Lough and Lewis (6) fed bromo- 
benzene to rabbits after a 2 day fast. These workers used the 
changes in the distribution of urinary sulfur as the eriterion of 
the synthesis of mercapturic acid. We felt this evidence was in- 
conclusive, and accordingly began experiments designed to show 
convincingly whether or not the rabbit is capable of synthesizing 
mercapturic acid after a prolonged fast. In the course of this 
work we were able to improve the procedure of MeGuinn and 
Sherwin (7) for the isolation of p-bromophenylmercapturic acid 
from rabbit urine. 


EXPERIMENTAL 


Three rabbits of 3 to 4 kilos each were fed a diet consisting of 
60 gm. of oats and 60 gm. of alfalfa per day for several months. 
The rabbits appeared healthy and normal. The food was then 
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withdrawn, and the rabbits were fasted for 37 days. Water was 
allowed ad libitum. 2 gm. of bromobenzene were then adminis- 
tered subcutaneously on the 7th, 21st, and 32nd day of fast to each 
rabbit. The urine was collected from each rabbit for 2 days after 
each administration of the bromobenzene. p-Bromophenylmer- 
capturic acid was isolated from the urine of each rabbit separately 
by the modified procedure of MeGuinn and Sherwin (7). The 
mercapturic acid was present in the urine after injection of bromo- 
benzene on the 32nd day of fast. 

The modified procedure for the isolation of the mereapturic 
acid was as follows: The urine was filtered and then acidified 
with one-tenth of its volume of concentrated HCl, and allowed 
to stand for 2 hours. It was then extracted with several portions 
of chloroform. It was found that a comparatively long time was 
necessary to break the chloroform-urine emulsions which are 
formed during the extractions. We, therefore, proceeded to evap- 
orate the chloroform extract before the emulsions were broken. 
After the chloroform was evaporated in vacuo at 30-40°, some of 
the urine, together with a solid residue, remained behind. The 
urine was decanted and the solid washed with distilled water. 
Practically all of the highly pigmented material was thus dissolved 
and the fluid filtered, p-bromophenylmercapturic acid remaining 
on the filter as a brown crystalline mass. It was taken up in 
0.1 N NaOH and reprecipitated with HCI and immediately cen- 
trifuged. The erystallization and centrifugation were repeated 
several times. A white product was finally obtained, and dried 
in vacuo. ‘Vypical analysis of the isolated material was as follows: 


M_p. 

41.50 3.78 4.40 152 
41 87 4 Ol 4 36 152 


Considering the fact that comparatively small amounts of mer- 
‘apturic acid are formed by the fasting rabbit and that the acid. 
is adsorbed by charcoal (8), the above procedure seems to be of 
distinct advantage over the one involving the use of charcoal. 
In our hands the procedure did not fail to yield a comparatively 
pure product in fairly large amounts; namely, 160 mg. per 1.0 
gm. of bromobenzene. Using the original procedure (7), we were 
unable to obtain from the urine of the fasting rabbit the pure 
product in amount sufficient for analysis. 
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The author is indebted to Mr. Milton Chanin of the Works 
Progress Administration for technical assistance, and to Mr. J. 
Alicino for the microanalytical work. 


SUMMARY 


1. Fasting rabbits, ike cats and dogs, are able to synthesize 
p-bromophenylmercapturic acid from bromobenzene even after a 
fast of 382 days, the cysteine of the mercapturic acid being of en- 
dogenous origin. 

2. An improved procedure for the isolation of p-bromophenyl- 
mercapturic acid from rabbit urme is presented. 
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THE EFFECT OF DIPHTHERIA TOXIN UPON VITAMIN C 
IN VITRO 


By CALVIN C. TORRANCE 


(From the Division of Laboratories and Research, New York State Department 
of Health, Albany) 


(Received for publication, July 17, 1937) 


Harde (1) reported that the adrenals of guinea pigs injected 
with diphtheria toxin gave a reaction with silver nitrate similar 
to that occurring in scurvy. Others have confirmed her observa- 
tions and extended our information concerning the relationship 
of diphtheria intoxication to the presence of vitamin C in the 
tissues. Data accumulated indicate that the vitamin C reserves of 
the adrenals of guinea pigs dying from the effects of diphtheria 
toxin are greatly diminished (2, 3,4), that test animals partially 
depleted of vitamin C survive the injection of this toxin for 
shorter periods of time than do those fed an adequate diet (5), 
and that guinea pigs given large doses of purified vitamin C may 
survive multiple lethal doses of diphtheria toxin (6,7). Finally, 
it is claimed that under certain conditions diphtheria toxin is 
destroyed in vitro by solutions of ascorbic acid (6,7). This, 
however, has been questioned (8, 9). 

The data available up to this time have suggested a direct 
relation between these substances. Indeed, Agnoli (10) has 
assumed that they indicate neutralization of the diphtheria toxin 
in the body by the vitamin. This assumption, however, of 
necessity, postulates combination of the toxin and the ascorbic 
acid in order to account for the inactivation of the vitamin. The 
claim that ascorbic acid destroys the toxicity of filtrates of the 
diphtheria bacillus in vitro offered an approach to the study of 
their interaction as a chemical phenomenon outside of the body. 
These experiments were undertaken for this purpose. 


Methods 


The presence of vitamin C was determined by titration with 
fresh 0.05 per cent solutions of 2,6-dichlorophenol indophenol, 
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standardized against ascorbic acid erystals. When aqueous 
solutions of the synthetic vitamin were found to be too unstable 
for observations extending over considerable intervals of time, 
diluted lemon juice was substituted. Several different samples 
of diphtheria toxin produced in routine and experimental media 
in this laboratory and standardized by the usual procedures were 
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Fic. 1. The effect of a toxie filtrate of a culture of diphtheria bacillus 
and of the medium in which it was grown upon the ascorbic acid in 25 ec. 
samples of diluted lemon juice, pH 6.8, plus © 5 ec. of 0.85 per cent sodium 
chloride solution; A 5 ec. of uninoculated infusion-free peptone medium; 
© 5 ce. of diphtheria Toxin 588, M.u.p. —0.002 ec., LA 15.2. 


used. The toxicity of some of these preparations was destroyed 
by boiling for 3 minutes or by heating at 80° for 30 minutes. 
To avoid the effect of marked changes in hydrogen ion concentra- 
tions, the lemon juice and toxin, befere being mixed, were adjusted 
separately to pH 6.8 to 7.0. Both substances are relatively 
stable at this point. All receptacles containing toxin were pro- 
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tected from light except during actual manipulation of their 
contents. 


Results 


In the preliminary experiments it was found that the vitamin C 
content of mixtures of lemon juice and toxic filtrates of the diph- 
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hig. 2. The effect of diphtheria toxins of different potencies upon the 
ascorbic acid in 25 cc. samples of diluted lemon juice, pH 6.8, plus © 25 ec. 
of diphtheria Toxin 589, infusion-free peptone medium containing maltose 
and sodium acetate, M.L.p. +0.001 ec., Lf 28.8; A 25 ee. of diphtheria Toxin 
586, veal infusion medium, M.uL.p. —0.002 eec., Lf 16.0. 


theria bacillus progressively declined. Uninoculated toxin media 
had a similar action of less intensity (Fig. 1). While the rate of 
destruction of ascorbie acid caused by two toxins of different 
potencies might be roughly proportional to their toxicity, this 
was not always the case (Fig. 2). Diphtheria toxins heated 
sufficiently to destroy their toxicity for the guinea pig, however, 
were more active against the vitamin than were the same toxins 
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Fic. 3. The effect of diphtheria toxin, before and after heating, upon the 
ascorbic acid in 50 cc. samples of diluted lemon juice, pH 7.0, plus © 10 ce. 
of diphtheria Toxin 589, infusion-free peptone medium containing maltose 
and sodium acetate, M.t.p. +0.001 ce., Lf 28.8; A 10 ce. of diphtheria 
Toxin 589, heated in a boiling water bath for 3 minutes. 


TABLE I 


Effect of Heated and Unheated Diphtheria Toxin upon Vitamin C Content of 
(Gruinea Pig Adrenals 


| Maximum Minimum Average normal 
| omg. | mg. cent 
10* Controls 0.042 0..083 0 
10* Diphtheria toxin 0.015 0.008 0.012 —85 
3 Controls ' 0.110 | 0.049 | 0.071 | 0 
2 Heated diphtheria toxint 0.086 0.052 0.069 —3 


t Volume equivalent to ten lethal doses of unheated toxin. 


before heating (Fig. 3). When guinea pigs were injected with 
such a heated toxin in 10 times the volume of the lethal dose of 
unheated toxin, the effect on the vitamin C content of their 
adrenals was negligible (Table 1). 
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Diphtheria toxin allowed to stand in contact with lemon juice 
was found to have lost none of its original potency as measured 
by its flocculation titer. In repeated experiments at hydrogen 
ion concentrations near those of the body, no loss could be dem- 
onstrated in the toxicity of toxin-lemon juice mixtures by either 
the subcutaneous or intracutaneous injection of suitable dilutions. 

‘To determine, if possible, the mode of destruction of the ascorbic 
acid by these toxie filtrates, toxin-lemon juice mixtures were 
allowed to stand until the ascorbic acid content had declined 
more than half and were then saturated with hydrogen sulfide. | 
After the removal of this gas the titratable form of the vitamin was 


TABLE II 
Fate of Ascorbic Acid in Toxrin-Lemon Juice Mixtures 


Ascorbic acid 


 bining | Recovered with Hos 
mg. | mg. | mg. | per cent 
Diphtheria Toxin 586, lemon juice, | | | | 
and sodium metaphosphate* 0.700 73 
Diphtheria Toxin 589, lemon juice, | | | 
and sodium metaphosphate* 1.660 1.097 | 0.562 51 


* Added to inhibit the catalytic activity of the copper ion. 


recovered in a fairly high concentration, which indicated that it 
had been oxidized to the dehydroxy form (Table II). 


SUMMARY 


If, as has been suggested, ascorbic acid acts directly upon the 
toxin in ameliorating the severity of diphtheria intoxication, it 
must follow that the vitamin combines with this substance because 
the vitamin is diminished in the bodies of animals dying from such 
intoxication. When a similar combination was sought in mix- 
tures of toxin and lemon juice outside of the body, the ascorbic 
acid was found to have no effect upon the toxin in the pH range 
of mammalian tissue. While the ascorbic acid content of such 
mixtures decreased, the effect of different toxins did not vary in 
proportion to their toxicity for the guinea pig. Culture filtrates 
heated to destroy their toxicity had an action similar to unheated 
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toxin. Such heated filtrates did not, however, affect the vitamin 
( in the animal body. Finally, the destruction of the ascorbic 
acid by toxic filtrates in vitro was found to be reversible. 
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FURTHER STUDIES OF THE PHYSIOLOGICAL 
AVAILABILITY OF HEPTOSES* 


By JOSEPH H. ROE ©. 8S. HUDSON 


(From the Department of Biochemistry, School of Medicine, George 
Washington University, and the National Institute of Health, United 
Slates Public Health Service, Washington) 


(Received for publication, July 13, 1937) 


In a previous paper we (1) reported that d-mannoheptulose 
is utilized by the rabbit. When administered to rabbits, either 
orally or parenterally, this sugar gives rise to an increase in the 
veast-fermentable, copper-reducing substance of the blood. The 
removal of the latter substance from the blood is stimulated by 
insulin. ‘There was no increase in the reducing substance of the 
urine following the oral administration of d-mannoheptulose in 
doses of 5 gm. per kilo of body weight, showing the rabbit has a 
high tolerance for this sugar. 

Further studies of d-mannoheptulose, with other species of 
animals, were considered desirable. Results that are charac- 
teristic of our findings with rats are recorded in Table | and Fig. 1. 

The mannoheptulose used in these experiments was prepared 
from the avocado pear. It has an [a]? value of +29.3° in water 
and a melting point of 152°. The urinary reducing substance in 
all of this work was determined by the Shaffer-Somogyi method (2). 

When injected subcutaneously into rats in doses of 2 gm. per 
kilo of body weight, 50 to 88 per cent of mannoheptulose was 
excreted in the urine during the first 24 hours after administration. 
When an aqueous solution was given by mouth, mannoheptulose 
was found to be markedly laxative to the rat. The largest dose 
tolerated without producing diarrhea was | gm. per kilo of body 
weight. Diarrhea was best avoided by feeding the sugar in milk, 
the amount of milk used as a vehicle being regulated to compel 
the animal to ingest the sugar over a.period of time. When fed 


* Publication authorized by the Surgeon General, United States Public 
Health Service. 
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by mouth, mannoheptulose was excreted in the urine during the 
first 24 hours after administration in amounts ranging from 9 to 
13 per cent. It appears that the reducing substance excreted 
in the urine in these experiments Was principally mannoheptulose, 
as it could be accounted for largely by its capacity to produce 
furfural when boiled with HCl, a reaction characteristic of this 
compound. The data of Table I indicate that mannoheptulose is 
not utilized by rats when injected subcutaneously; and they are 
inconclusive in the experiments in which the sugar was given by 
mouth. 

To obtain more conclusive evidence concerning utilization 
when administered by mouth, the experiment shown in Fig. | was 


TABLE | 


1e pt ulose 
| 24hrs. 
| gm. gm, per ky. 
3000 2 Subcutaneously 0.300 50 
2 290 0). 467 SO) 
320 2 0.565 SS 
4 260 } By mouth 0.031 12 
5 280) 0 037 13 
230 2 fed in milk 040 4 
7 210 2 0.043 10 


earried out. ‘wo rats were fed mannoheptulose in milk daily 
in doses of 2 gm. per kilo of body weight for 12 days and the total 
reducing substance in the urine was determined each day. Only 
small amounts of reducing substance were found in the feces, 
indicating that the absorption of the sugar was practically com- 
plete. The amount of reducing substance in the 24 hour samples 
of urine increased gradually from 8.7 and 10 per cent on the Ist 
day to 30 and 50 per cent, respectively, upon the 12th day. The 
excretion of reducing substance continued after the sugar feeding 
had been stopped, and in one animal reached a peak of 79 per cent 
upon the 2nd day after withdrawal of the sugar. The results of 
this experiment indicate that mannoheptulose is not utilized by 
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the rat when administered by mouth. It is slowly absorbed and 
slowly excreted in the urine and, when fed daily, accumulates in 
the tissues of the rat. 

Apparently some chemical transformation of a part of the 
mannoheptulose occurs by which it loses its ketose characteristic 
when it passes through the rat’s tissues. A resorcinol colorimetric 
method for the estimation of mannoheptulose as a ketose, similar 
to the method of Roe (3) for fruetose, was devised for estimating 
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Fic. 1. Curves showing the copper reducing substance excreted in the 
urine by two rats receiving daily in milk 2 gm. of mannoheptulose per 
kilo of body weight. The arrows indicate the point at which sugar feeding 
was discontinued. 


? 

the ketose content of the urine. By this method we could ac- 
count for 65 per cent of the reducing substance as ketose at the 
beginning of the experiment; but the amount that could be 
accounted for as ketose diminished during the experiment and 
upon the 2nd day after discontinuance of sugar feeding the urine, 
which contained considerable reducing substance, gave a negative 
ketose reaction. 

Mannoheptulose was found to produce diarrhea in the dog 
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when a dose of I gm. per kilo of body weight was administered in 
water by mouth. When injected subeutaneously in a’ dosage 
of 2 gm. per kilo of body weight, 50 per cent was excreted in the 
urine collected for 24 hours after administration. Because of the 
difficulty of retaining this sugar in the alimentary tract of the dog, 
further studies were not carried out with this species. 


d-a-Mannoheptose Studies 


In view of our previous findings with mannoheptulose, it was 
considered desirable to study the metabolic fate of the aldose 
isomer of this compound. Accordingly, experiments were carried 
out with d-a-mannoheptose with the rabbit as the experimental 
subject. The d-a-mannoheptose used was prepared by Miss 
Kdna Montgomery at the National Institute of Health from 
d-mannose by the Fischer-Kiliani synthesis. It has an fa]? 
value of +68.8° in water (equilibrium rotation) and a melting 
point of 145°. The total blood sugar following administration 
was determined by the Benedict (4) method. The mannoheptose 
of the blood was determined by estimating with the Benedict 
method the reducing substance in Zn(OH),. filtrates after yeast 
fermentation, a procedure which gave a 104 per cent recovery of 
mannoheptose added to blood. 

The results of these experiments are shown in Table II. The 
increase in total blood sugar following the administration of man- 
noheptose to rabbits is accounted for by the mannoheptose 
present. The curves for total blood sugar and blood mannohep- 
tose parallel each other and there was no appreciable change in 
the fermentable blood sugar after administration, indicating that 
a metabolic transformation of the mannoheptose had not occurred. 
When given by mouth to two rabbits, 12 and 21 per cent were 
excreted during the first 24 hours and increased reducing sub- 
stance was present in the urine for 48 hours after administration. 
When injected intraperitoneally into three rabbits, 51, 86, and 
95 per cent were excreted during the 24 hours after administration. 
The mannoheptose excretion during the first 24 hours was directly 
related to the urine volume. In the experiments with Rabbits 
4 and 5, 200 cc. of physiological saline solution were injected 
during the 24 hour period to promote diuresis; the almost com- 
plete recovery of mannoheptose in these two experiments shows 
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that the rate of excretion was determined by the volume of water 
perfusing the rabbit tissues. 

The results of these experiments indicate that d-a-mannoheptose 
is not utilized by the rabbit, a finding in direct contrast with the 
results obtained when the ketose isomer of this sugar was fed to 
rabbits. 

d-a-Mannoheptose produced diarrhea in rats when fed in milk 
in doses of 1 gm. per kilo of body weight. Because of this un- 
usual laxative effect, studies were not made with rats. 


Absorption Studies 


The marked laxative effect of mannoheptulose and manno- 
heptose suggested that it would be of interest to study the rate 
of absorption of these compounds from the alimentary tract. 
Absorption studies were therefore made upon rats, according to 
the technique of. Cori (5). The sugars were administered in 
10 per cent solution and the amount remaining in the alimentary 
tract after a 2 hour absorption period was determined by the 
Shaffer-Somogyi method. Young rats weighing from 130 to 
180 gm. were used. The average Cori absorption coefficient for 
mannoheptulose, obtained with five rats, was 0.012 and that for 
mannoheptose determined with six rats was 0.010. These 
absorption coefficients are the lowest that have been reported for 
monosaccharides. (Some of the coefficients reported by Cori are 
glucose, 0.178, mannose 0.034, xylose 0.028, arabinose 0.016.) This 
very slow rate of absorption is an adequate explanation of the 
laxative effect of these sugars. Not being absorbed readily, they 
increase the fluid content of the intestine by osmosis. 


SUMMARY 


1. Previously it was observed that d-mannoheptulose is physio- 
logically available to the rabbit. The data of this report indicate 
that d-a-mannoheptose, the aldose isomer of d-mannoheptulose, 
is not utilized by the rabbit. 

2. Data were obtained showing that d-mannoheptulose is not 
utilized by the rat, a finding in contrast with previous observa- 
tions upon the rabbit, thus demonstrating a species difference 
in the utilization of this 7-carbon ketose. 
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3. Both d-mannoheptulose and d-a-mannoheptose are markedly 
laxative to the rat. 

4. The Cori absorption coefficients obtained for d-mannoheptu- 
lose and d-a-mannoheptose are 0.012 and 0.010, respectively. 
These are the lowest absorption rates reported for monosac- 


charides and appear to give an adequate explanation for the laxa- 
tive effect of these sugars. 
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(From the Department of Pathology, The University of Rochester School of 
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The experiments tabulated below relate to the complex inter- 
action within the body which we designate internal protein metab- 
olism. Any unusual reaction is of interest to the students in this 
field whether the reaction concerns anabolism or catabolism of 
nitrogenous material. It is obvious from data tabulated below 
that a local infection (abscess) gives a reaction which differs in 
the anemic as compared with the non-anemic dog. In both 
experimental states the abscess causes fever, leucocytosis, pus 
formation, and some clinical disturbance but the elimination of 
nitrogenous material in the urine is greatly decreased in the anemic 
dog. 

A completely satisfactory explanation of this phenomenon may 
not be forthcoming but in this connection we should mention the 
following related observations. When in a normal fasting dog an 
abscess (infected or sterile) is produced, there is a prompt and 
conspicuous increase in urinary nitrogen which lasts several days 
but decreases sharply after the abscess ruptures or is opened and 
drained (Table I is a typical illustration). Other similar experi- 
ments have been reported elsewhere (2). A sterile abscess in a 
fasting anemic dog will diminish greatly the output of new hemo- 
globin (9), although there must be an increase in the local protein 
breakdown products within the body. Likewise the output of 
new plasma protein in dogs on standard diets during plasma deple- 
tion will be diminished (7) in the presence of an abscess. 


* Aided by a research fund given by Eli Lilly and Company. 
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It has been shown (3) that the anemic fasting dog will conserve 
nitrogenous material which otherwise would contribute to the urea- 
ammonia fraction of the urinary nitrogen and at the same time 
build a large amount of new hemoglobin. Our belief is that in 
this emergency (anemia) the dog conserves waste nitrogenous 
products and forms the badly needed hemoglobin— a good illustra- 
tion of frugal economy on the part of the body. | 

Knowing that the anemic dog conserved its waste protein 
material to make as much hemoglobin as possible and also aware 
of the fact that the abscess impaired protein (hemoglobin) synthe- 
sis under the same conditions, we approached the experiment 
described below with keenest interest. We were not prepared to 
find the evidence so convincing that the mitrogen excretion was in 
some way diminished in these anemic dogs with abscesses. 


Methods 


All dogs used in these experiments were active, healthy adults. 
The anemic dogs were taken from the anemia colony in this lab- 
oratory and their histories are complete from birth. The care 
of these animals has been described elsewhere (10). Abscesses 
were produced by the subcutaneous injection of 1 ec. of turpentine. 
These abscesses form rapidly and usually rupture on the 4th or 5th 
day. The appearance and reaction are exactly like an infected 
abscess but the healing is very prompt and uncomplicated. 

During the metabolism experiments the dogs were kept in 
galvanized iron metabolism cages in the laboratory, where they 
were under constant supervision. The urine was collected fre- 
quently as passed and was preserved by toluene and refrigeration. 

‘ach 2 day period was terminated by catheterization of the ani- 
mal and rinsing of its bladder. Urine analyses were made on each 
48 hour specimen for the following constituents: total nitrogen by 
macro-Kjeldahl, ammonia by aeration, urea by the urease method 
with aeration, creatinine and creatine by the methods of Folin, 
and uric acid by the method of Morris and MacLeod. 


Experimental Observations 


Table I shows the reaction to two sterile abscesses in a non- 
anemic dog and this reaction is similar to that described elsewhere 
(2). There is a great rise in the total urinary nitrogen and the 
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TABLE 
l'rinary Nitrogen Increased by Abscesses—Normal Dog 
Dog 32-7, non-anemic. 


| TotalN | UreaN-+NHs “reeynine |) Crestine | win termined 
| mg. | mg. | per cent mg. | mg. | mg. per cent 
1 | 5,510 | 4,780 | 86.7 | 335 | 16 | 2 6.5 
Ist subcutaneous sterile abscess ne 
2 | 10,740 | 9500 | | son | os | | 38 
| 12,780 | 11,100 | 87.2 | 341 05 55 6.5 
4 | 11,460 | 9,830 | 85.8 | 300 | 278 | S&S | 8.7 
2nd subcutaneous sterile abscess 
6 | 11,180 | 9,580 | 85.7 265 | 386 | 49 8.0 
7 | 8,160 7,080 | 86.7 | 219 56 | 28 9.6 
8 | 6470 | 5610) 9.7 | 28  M | 18 9.6 
9 | 5,700 | 4,730 | 8.0 | 218 | 3 | M | 13.9 


The figures in the columns headed ‘‘mg.’’ represent mg. of nitrogen ex- 
ereted in successive 48 hour periods. Period 4 is 24 hours corrected for 48 
hours. 


Clinical Experimental History during Metabolism Study Period (Table 1) 


Dog 32-7. Adultfemale coach. Born Apr., 1932. Normal non-anemic. 

Dec. 5, 1935. Weight 16.1 kilos. 2 days preliminary fasting. Fasting 
throughout 19 days of experiment. Water in cage at all times. 

Dec. 9. Turpentine 1 ce. subcutaneously. Weight 15.3 kilos. 

Dec. 10. Dog vomited. 

Dec. 13. Abscess drained. 

Dec. 14. Turpentine 1 ec. subcutaneously for production of second 
abscess. Weight 13.8 kilos. 

Dec. 16. Weight 13.4 kilos. 

Dec. 17. Abscess drained. Total nitrogen of pus (second abscess) = 
2.01 gm. 

Dec. 20. Weight 12.6 kilos. Water 250 ec. given by stomach tube 
Dec. 7, 9, 10, 11, 12, 13, 16, 18, 20, 22, and 24. Urine contaminated with 
feces on numerous occasions (six out of nine periods). 

Dec. 24. Dog returned to cage in good condition. Weight 11.7 kilos. 


output of every period is in excess of normal. This dog starting 
with a level of 5.5 gm. of total nitrogen per 48 hours would prob- 
ably show a progressive diminution in its urinary nitrogen to a 
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TasBLe II 
Urinary Nitrogen Not Increased by Abscesses in Presence of Anemia 


Dog 24-45, anemia of 10} years duration. 


Total N N + NH: Creatine | | termined 
10,870 9,050 83.3 418 | 356 
P Ist subcutaneous sterile abscess 
2 8,920 7,290 81.7 433 288 wt: ee 
3 8,230 6,410 |. 387 
4 7.690 6,070 79.0 364 QRS 29 12 2 
2nd subcutaneous sterile abscess 
5 8.370 6,920 R2 6 364 178 22 10.6 
6 5,980 4,680 78.3 300) Og 14.8 
7 4,170 2,910 70.0 263 69 4 22.0 
7.530 5,980 79.4 320 161 & | 4A 
g 5,740 | 4,370 76.2 204 70 4 17.4 
10 3,630 | 2,670 73.5 240) 17 3 19.3 


The figures in the columns headed ‘‘mg.”’ represent mg. of nitrogen 
excreted in successive 48 hour periods. Period 4 is 24 hours corrected for 
48 hours. 


Clinical Experimental History during Metabolism Study Period (Tables 
II and II-A) 


Dog 24-45. Adult female bull mongrel. Born Nov., 1922. Anemic 
113 years. Death Apr. 29, 1937. Uneventful anemia history except for 
endometritis and hysterectomy Sept. 26, 1933. Refer to endometritis and 
hemoglobin production Table 2 ((9) p. 774). 

Feb. 11, 1936. 2 days preliminary fasting begun. Water 250 cc. given 
daily by stomach tube. Fasting throughout 19 days of experiment. All 
experimental periods were of 48 hours duration except Period 4 which was of 
24 hours, but the figures were doubled to give values comparable to the 
other periods. 

Feb. 12. Weight 23.8 kilos. 

Feb. 15. Turpentine 1 ec. given subcutaneously. Weight 22.7 kilos. 

Feb. 17. Leucocytes 13,400 per ¢.mm. 

Feb. 19. Abscess opened and drained 75 ec. +. 

Feb. 20. Abscess still draining. 1 cc. of turpentine given subcutane- 
ously to produce second abscess. 

Feb. 21. First abscess practically healed. Total nitrogen of pus = 
1.04 gm. 


may 
4 

| 

& 

: 

5 

is 

a 

: 

° 
| 

| | | 

| & 
; 
i= 
i | 

4 

2 ' 

3 
Rix 
| 

3 4 


Daft, Robscheit-Robbins, and Whipple 49 


TasLe II-A 
Sterile Abscesses and Fasting 
Dog 24-45, bull, female, adult. 


! 
Food | R.b.c. | Blood | Hb re- 
periods, 1 wk. each | con- | Weight Plasma | hem | moved, 


ood, gm. per day sumed | lewel | bb 
cent cent cent 


| | 
| mt mal. gm. 
| 


100 | 25.2 | 1418 | 5.0 | 25.2 | 63 | 34.2 


Br. 450, sal. 50, KI. 20........ 


Abscess, fasting............ 22.8 | 1230 | 5.3 | 23.8! 56 | 16.7 
20.3 | 1177 | 4.5 | 18.7 | 43 | 12.5 
18.6 | 1078 | 4.0 | 20.0 | 44 | 1.2 
| | 
Br. 450, sal. 50, KI. 20......., 93) 19.8 | 1215 | 4.0 | 16.8 36 | 1.4 
“ 450, “ 50, 20.......| 100 | 19.3 | 1216 | 4.0 | 18.2] 40 | 1.0 
“ 450, “ 50, “ 20.......| 100 | 20.1 | 1165 | 4.2 | 21.0} 46 | 1.0 
Basal output = 14 gm. of Hb per week. Total net Hb output = 0. 


Total = 34 gm. of Hb. 
Br. = bread, sal. = salmon, KI. = Klim. 


Feb. 22. Temperature 39.5°. 

Feb. 25. Temperature 39.3°, leucocytes 10,000 per ¢.mm. 

Feb. 26. Second abscess opened; aspirated 25 cc. of pus, temperature 
39.5°, leucocytes 13,000 per c.mm. Weight 19.9 kilos. 

Feb. 27. Temperature 39.9°, leucocytes 15,000 per c.mm. Aspirated 
30 ec. of purulent material. 

Feb. 28. Temperature 39.3°, leucocytes 9200 per c.mm. Aspirated 10 
cc. of purulent material. Urine: ecatheterized specimen showed many pus 
cells, few red cells, but no casts. Total nitrogen of pus = 0.98 gm. 

Feb. 29. Salt solution given intravenously. 

Mar. 2. Salt solution given intravenously. Leucocytes 11,200 per 
emm. Small bacterial abscess opened on back and hind quarter. Weight 
18.5 kilos. 

Mar. 3. Temperature 39.3°. Ulcer areas healing. Salt solution given 
intravenously a.m., and 20 gm. dextrose p.m. Urine usually contaminated 
with feces. Dog in good condition at end of experiment. 


final level of approximately 3.5 gm. of nitrogen in a simple fasting 
experiment without abscesses. When we compare this estimated 
fasting reaction with the actual abscess reaction (Table I), we 
may compute a surplus of urinary nitrogen approximating 30 
to 40 gm., which would be equivalent to about 900 to 1200 gm. of 
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tissue. Obviously the local reaction of the abscess cannot account 
for any such tissue destruction and we assume therefore that 
other body tissues are injured by products derived from the ab- 
scess area and contribute to the urinary nitrogen excess. The 
urea ammonia percentage is very high in all periods, 83 to 89 per 
eent, and the undetermined nitrogen rather low. The increase 
in creatine excretion during the abscess periods is very marked. 
This experiment serves as a base-line control with which to 
compare the reactions in the anemic dogs. 

Tables IL and II-A concern an old dog (No. 24-45) which had 
been anemic at the time of this experiment for a period of a little 
more than 10 years. This metabolism experiment proceeded 
uneventfully and the two abscesses produced the usual clinical 
reactions as given in the experimental history. When we com- 
pare Table I] with Table I, the control experiment, we note a 
conspicuous difference in the anemic experiment. Table II, 
Dog 24-45, shows a reaction close to the theoretical reaction of a 
dog of this type to fasting alone. Periods 5 and 8 show slight 
elevations in total urinary nitrogen, but in general there is a 
steady progressive fall in total nitrogen per 48 hour period from 
the start to the end of the experiment. 

The urea-ammonia fractions do not show percentages as high as 
the control. In Periods 7 and 10 these percentage values are 
70 and 73, which low values suggest the reaction of conservation 
and new hemoglobin production recorded (3) in the anemic dog 
during fasting. The undetermined nitrogen is rather high, partic- 
ularly in the last four periods. Urinary creatine is not greatly 
increased. 

Table II-A shows the reaction of the dog to the anemia during 
the abscess interval. The surplus of 34 gm. of hemoglobin re- 
moved in the week preceding the abscess is related to a period of 
beef heart feeding 3 weeks before and this amount of hemoglobin 
represents a part of the ‘‘carry over’ or reserve related to the beef 
heart diet. This dog had a high basal output of hemoglobin (14 
gm. per week) on the standard bread ration. This hemoglobin 
output was abolished during the last fasting week and the subse- 
quent 3 weeks. This illustrates the fact that the abscess inter- 
feres with hemoglobin production (9) whether the dog is fasting 
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or is receiving a liberal diet. The shrinkage of blood volume is 
illustrated. 

Table III shows an experiment of the same type as that re- 
corded in Table II. This dog weighed less and was younger 
(63 years). Its anemic period was 34 years instead of 10 years 
(Table II1). This dog in general shows a reaction like that re- 
corded in Table II. There is very little to show for the abscess 
reaction in the way of excess urinary nitrogen—-perhaps 4 to 5 gm. 
above a calculated non-anemic reaction. Periods 3 and 8 show 
figures somewhat above expected control fasting values. The 
urea-ammonia fraction shows high percentage values of the total 
urinary nitrogen. In Period 7, however, the percentage value is 
only 73, again suggesting conservation. The excretion of creatine 
is increased but little. 

Table III-A presents the anemia history during the abscess 
period. This dog shows a net hemoglobin production as a result 
of the fasting of 35 gm. of hemoglobin over and above the base- 
line hemoglobin output due to the basal ration. It would appear 
that the abscesses in this particular experiment did not seriously 
impair hemoglobin production. There is a conspicuous shrinkage 
in the plasma volume due to the 3 weeks fast. 

Dog 36-11 (Tables IV and IV-A) shows the reaction to abscesses 
during a short term anemia experiment. The reserve store of 
hemoglobin-building materials had not been exhausted and subse- 
quently about 130 gm. of hemoglobin were formed by this dog over 
and above its final basal salmon-bread output. Bleeding was 
begun October 17, 1936 and Table IV-A begins on November 6, 
1936 and the final exhaustion of the hemoglobin-building materials 
in reserve was effected on January 4, 1937. The total hemoglobin 
removed = 334 gm., of which 196 gm. represent the circulating 
hemoglobin represented between the normal hemoglobin level of 
129 per cent (276 gm. of hemoglobin) and the anemia level of 43 
per cent (80 gm. of hemoglobin). The total net hemoglobin- 
building reserve was therefore 138 gm. Table IV shows an abscess 
reaction intermediate between the normal dog (Table I) with its 
high urinary nitrogen and the long term anemic dogs (Tables II 
and III) with all hemoglobin-building reserves exhausted. Dog 
36-11, Table IV, puts out an excess of approximately 8 to 10 gm. 
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TaBLe III 
{rinary Nitrogen Very Slightly Increased by Abscesses in Anemia 
Dog 29-326, anemia of 3} years duration. 


U ndeter- 


Total N Urea N + NH; | | 
1 | 8,690 | 7,330 | 84.4 330 | 261 35 8.4 
Ist subcutaneous sterile abscess 
2 8,950 7,390 82 6 333 313 58 95 
3 9,930 8,140 81.9 i 33 11.5 
4 7,050 5,730 81.4 279 | 114 53 12.3 
2nd subcutaneous sterile abscess 
5 | 6,980 | 5900 | 84.4 | 276 78 | 45 9.9 
6 | 6,210 5,030 | 81.0 243 194 333 11.5 
7 | 4,040 2,940 72.7 186 155 19 18.4 
8 | 6,300 5,220 82.8 216 62 25 12.4 
9 | 4380 | 3520 | 80.2 201 OR 18 14.2 
10 | 3,920 3,040 77.7 201 24 15 16.2 


The figures in the columns headed ‘‘mg.”’ 


represent mg. of nitrogen 


excreted in successive 48 hour periods. Periods 4 and 7 are 24 hours cor- 
rected for 48 hours. 


Clinical Experimental History during Metabolism Study Period (Tables III 
and III-A) 


Dog 29-326. Adult male coach. Born Noy., 1929. Experimental 
anemia Dec., 1932 to May, 1937. (Anemia of 34 vears at the time of this 
experiment.) Uneventful anemia history. 

Apr. 21, 1936. Weight 17.7 kilos. 2 days preliminary fasting begun. 
Fasting throughout 18 days of experiment. 15 gm. of kaolin given with 
water 250 cc. by stomach tube daily. 

Apr. 23. Weight 17.0 kilos. 


Apr. 25. Turpentine 1 cc. subcutaneously. Weight 16.0 kilos. 


Apr. 27. 


Apr. 29. Abscess drained, 40 cc. + of pus withdrawn. 


Apr. 30. 


Leucocytes 12,800 per ¢.mm. 


Wound reopened, small amount of watery material withdrawn. 
Turpentine 1 ec. subcutaneously for second abscess. 


May 1. First abscess drained again. Total nitrogen of pus = 1.30 gm. 
May 4. Leucocytes 18,800 per ¢.mm. 
May 5. Second abscess opened, considerable pus removed. Weight 


13.9 kilos. 
May 6. Marked crepitation in wound. 
May 7. Considerable purulent material with gas expressed. Dog 


active and seems well. 


Total nitrogen of pus = 0.70 gm. 
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III-A 
Sterile Abscessées and Fasting 
Dog 29-326, adult, male mongrel coach dog. 


| Food | |__| R.b.e. | Blood| Hb re- 
con- Weight R.b.c. hema- moved, 


| kg. ce. | mil. | 


cent | cent | cent gm. 

Be. 376, ont: . .. 100 17.8 899 | 5.2; 22.1, 46 1.9 
16.8; 741 | 5.61 27.7 | 56 1 6 
| 14.1; 703 29.0; 63; 1.8 
Fasting... 100} 13.1 | 624 | 5.8 22.1! 47 | 19.5 
Br. 400, sal. 50, KI. 20....... 100 14.9 825 5.6 226 48 12.2 
“ 400, “ 50,  20.......{ 15.1; 814 | 21.6! 46 | 17.0 
400, “ 50, “ 20.......| 15.7 | 857 121.6) 46 | 1.3 


Basal output = 6 gm. of Hb per week. Total net Hb output = 35 gm. 
Total = 53 gm. of Hb. : 
Br. = bread, sal. = salmon, Kl. = Klim. 


May 11. Leucoeyvtes 16,000 per e.mm. Dog in good condition at end of 
experiment. Weight 13.1 kilos. Urine slightly contaminated with feces 
on three occasions. 


of urinary nitrogen over and above the expected urinary nitrogen. 
This again suggests that the unexhausted hemoglobin-building 
reserve is in part responsible for the observed excess urinary 
nitrogen. 

The hemoglobin-building reserves in this type of experiment 
consist almost certainly of iron- and protein-building materials. 
One cannot say how much of this store responsible for hemoglobin 
building is iron and how much is protein. It is possible that the 
protein reserve store is rapidly exhausted as compared with the 
iron reserve. Furthermore, we know that the standard salmon 
bread ration will supply adequate protein to build new hemoglobin 
in long continued anemia when iron is given. Other experiments 
with strictly limited protein intake should give the information 
needed to settle this question. 

Table IV-A shows the anemia reaction of this dog to fasting and 
abscess formation. It 1s to be recalled that this dog was but very 
recently anemic (see experimental history of Dog 36-11) and we 
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note that the hemoglobin production rises sharply in the 2nd week 
after the fasting period. We believe this new hemoglobin comes 
in part from the reserve store of iron (1) which we know would be 
present in a dog of this type at this stage of an experimental anemia 
due to blood loss. The inhibition of hemoglobin production due 
to abscesses during the 8 weeks fast and the Ist week following is 
well shown. 


Tasie [V 
rinary Nitrogen Increased by Abscesses 
Hemoglobin-building reserve store not exhausted. 
Dog 36-11, adult white bull; anemic 3 weeks only. 
Period No. (48 hee. 2 3 5 6 10 


Total nitrogen, mg... 8,040 10, 240.8 050 6,750 9,590 6, 270 4,050 3, 120 
js 


Abscess produced at start of Period 2 and Period 5. Period 4 is 24 hours 
eorrected for 48 hours. 


Clinical Experimental History during Metabolism Study Period (Tables IV 
and IV-A) 


Dog 36-11. Adult male bull mongrel. Born Apr., 1936. Experimental 
anemia begun Oct. 17; metabolism studies begun Novy. 6. At the start of 
this experiment (Nov. 6) 213 gm. of hemoglobin had been removed, so that 
the dog had much of its hemoglobin-building materials in reserve at this 
particular time. Uneventful history. 

Nov. 7, 1936. Weight 19.0 kilos. 2 days preliminary fasting. Fasting 
throughout 19 days of experiment. 

Nov. 9. Weight 18.1 kilos. 

Nov. 11. Turpentine 1 ce. subcutaneously. Weight 17.4 kilos. 

Nov. 15. Abscess drained. 10 ce. + of pus removed. Subsequent 
drainage for 3 days, 50 cc., 50 cc., 30 ce. respectively. Total nitrogen of 
pus = 1.76 gm. , 

Nov. 18. Temperature 39.3°, leucocytes 22,000 perc.mm. Considerable 
diarrhea; feces contain some blood. No parasitic ova found. 

Nov. 20. Temperature 39.8°. 

Noy. 21. Salt solution subcutaneously. | 

Nov. 22. Second abscess drained. 100 ce. + of purulent material 
removed. 

Novy. 23. Leucocytes 20,000 per ¢.mm. Blood-tinged serous fluid 20 
ec. removed from abscess. Weight 14.5 kilos. Total nitrogen of pus = 1.05 
gm. 
Nov. 27. Weight 14.3 kilos. 

Nov. 28. Dog in good condition at end of experiment. Urine usually 
contaminated with feces. 


if 
4+ 
= 
i 
. 
3 
; 
| 
3 
4 


Daft, Robscheit-Robbins, and Whipple 55 


TaBLe IV-A 
Sterile Abscesses and Fasting 
Dog 36-11, bull, male, adult. 


| Blood! Hb re- 
R.b.c. hema-_ Hb moved, 
| toerit level bled 


Diet periods, 1 wk. each | yor Weight 
Food, gm. per day 


pr | oom. 


| | kg. | mil. cent cent 
Br. 250, sal. 200, KI. 20...... 93) 19.0 1086 | 19.2! 43 | 1.4 
Abscess, fasting............... | 17.1 | 912| 4.1 | 21.7 4 
-Fasting*... | | 14.3 | 763 | 4.5 | 22.1; 45 | 12.6 
| | 
Br. 340, sal. 50, KI. 20....... 100 | 15.5 | 824 | 4.4 28.6) 47 | 1.4 
“400, 50, 20.......;100| 16.8) | 96.3) 90.9 
400, 50, “ 20.......' 100] 16.2 | 798 | 4.3 | 21.4) 45 | 24.4 
16.4) 911, | 21.4] 45} 1.3 


Basal output= 13 gm. Total net Hb output = 30 gm. (Corrected for 
fast 4 days instead of 1 week (Hb 46.5 gm.); net output really is 35.7 gm. of 
Hb.) ‘Total = 82 gm. of Hb. 

Br. = bread, sal. = salmon, Kl. = Klim. 

* Fast 4 days. 


DISCUSSION 


We may now propose the question, How may we explain the 
fact that the anemic dog with a sterile abscess eliminates very little 
excess urinary nitrogen in contrast to the non-anemic control? 
All evidence indicates that the abscess reaction is identical—-both 
types of dog show leucocytosis, fever, and malaise. The abscess 
develops as usual in both dogs and the pus usually escapes on the 
5th day by rupture or by incision, and healing is prompt and 
uncomplicated. Obviously the injected turpentine kills some local 
tissue cells and these dead cells cause the local reaction as well as 
the general systemic reaction, presumably due to protein split- 
products absorbed from the area of injury and reaction. 

The abscess reaction in the normal dog injures other body pro- 
tein, as we cannot explain any large part of the excess urinary 
nitrogen as due to local protein destruction. The increase in 
urinary creatine suggests that muscle tissue is involved in this 
injury. It may be argued that in the anemic dog the abscess 
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eauses the same increase in protein catabolism but this material 
is conserved somewhere in the body. It should be objected that 
under these conditions the body can form very little new hemo- 
globin in anemia or new plasma protein in plasma protein-depleted 
dogs. Therefore this conservation if it does occur cannot be 
demonstrated directly, but the nitrogenous excess from protein 
breakdown is assumed to be within the body since it does not 
escape. 

We propose for consideration an explanation of this phenomenon 
which is of interest viewed from several angles especially related 
to body protein stores. It is well known that the non-anemic dog 
has within its body large stores of inaterial out of which new hemo- 
globin can be produced in the emergency due to anemia —as much 
as 100 gm. of potential hemoglobin (8). It is also established that 
the normal dog has a considerable store of material from which new 
plasma protein can be formed in the emergency of plasma deple- 
tion (6). Whether these stores are identical or in part separately 
available we cannot say with certainty at the moment but here 
we have labile protein-building stores suitable for emergency service 
in the normal dog, but not available in the anemic dog nor in the 
plasma-depleted dog. 

The data above show that the anemic dog (with abscess) does 
not show the expected excess of nitrogen in the urine. Moreover 
the recently anemic dog (Table IV), which still had some protein 
reserve stores available, did show a reaction intermediate between 
the normal and the standard long time anemic dog with all re- 
serves exhausted. Also we refer to the nitrogen elimination in a 
dog with plasma protein depletion and abscess production — see 
Table 3-a ((7) p. 445). This dog shows no excess urinary nitrogen 
during long plasma depletion periods with three sterile abscesses. 
There was no reserve store of labile protein-building material 
suitable for the construction of plasma proteins, due to long con- 
tinued plasma protein depletion. 

One explanation of this peculiar reaction therefore might be 
that certain labile protein stores have been depleted (anemia) and 
are not available to injury from the systemic insult of the abscess. 
We would distinguish between the local tissue injury with pus 
formation in the abscess and the systemic intoxication as indicated 
by fever, leucocytosis, and large excess of eliminated urinary 
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nitrogen. This would imply that these labile protein stores were 
of somewhat different nature than the more stable proteins of the 
body tissues. These labile stores are promptly available to build 
new protein (hemoglobin) and presumably more subject to eatabo- 
lism from intoxication (abscess). 

One might argue further that this labile protein material sub- 
jected to injury might break down with the production of toxic 
split-products capable of further injury of the cell protein of fixed 
type the collapse of a house of cards. This would explain the 
fact that the injured protein may exceed in amount the labile 
protein reserve stores demonstrated in anemia and plasma protein 
depletion. 

It is not necessary to visualize these labile protein stores as 
tucked away in the muscles or organs like coal in storage bins. It 
is logical to suppose that the various protein storehouses (liver, 
muscles, and so forth) are in reality the body cells and that these 
labile proteins are less firmly bound to the cell matrix or even of 
somewhat different protein character. It has been suggested 
that these stores might exist within the body cells as large aggre- 
gates or intermediates which in emergencies could be assembled 
into a finished protein (hemoglobin, plasma, or cell protein). 

In making this suggestion we are not forgetting the possibility 
that conservation of intermediates may be occurring. Certain 
indications of this have been noted in discussion of the individual 
tables. As has been stated, however, conservation is not demon- 
strated directly, since excess hemoglobin does not appear. 

The increase in urinary creatine following the production of the 
sterile abscess is of considerable interest. This increase is clearly 
associated with the rise in the total nitrogen exeretion. This 
suggests that muscle tissue is in some way involved and may be 
the main source of the excess urinary nitrogen. In the experi- 
ment for which Table [is a reeord, 1.49 gm. of creatine nitrogen 
were excreted during the 9 days of the abscess periods, or 1.42 gm. 
above the beginning level of 8 mg. per day. During the same 
period 51.7 gm. of total nitrogen, or 26.9 gm. above the level of 
2.75 gm. per day, were excreted in the urine. 5.3 per cent of the 
excess nitrogen was, then, in the form of creatine (assuming that 
the exeretion of nitrogen would have remained at 2.75 gm. per day 
during an ordinary fasting period. This figure is undoubtedly 
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somewhat high and the figure of 5.3 per cent correspondingly 
high). Similar caleulations for periods following CHC]; anesthesia 
(4) give 4.2 per cent (Dog 34-5) and 5.1 per cent (Dog 33-14, 
Periods 2 and 3). (No caleulations have been made for experi- 
ments showing small increase in the excretion of creatine, as the 
error would be too large.) Folin and Buckman (5) give the 
percentage of nitrogen in dog muscle which is in the form of 
creatine as ranging from 3.5 to 4.4. The physiological and ehem- 
ical reactions following turpentine injections and CHC], anesthesia 
are too complicated to permit the singling out of a single tissue for 
consideration but these calculations strengthen our belief that 
muscle tissue is affected during the states of intoxication under 
consideration and may well be a source of nitrogen of considerable 
quantitative importance. 


SUMMARY 


The normal non-anemic dog given a sterile abscess will show 
fever, leucocytosis, and a great increase in urinary nitrogen above 
the level of the simple fasting dog. 

The reaction in a dog which has been anemic for years is very 
different. The fever and leucocytosis are the same but the great 
increase in urinary nitrogen does not appear. 

A dog which has been anemic but a few weeks shows an inter- 
mediate reaction. This dog had within its body a part of the 
reserve stores from which hemoglobin could be constructed. 

It has been recorded elsewhere (7) that plasma protein-depleted 
dogs whose store of plasma protein-building material has been 
exhausted, likewise do not show the great increase of urinary 
nitrogen in the presence of a sterile abscess. 

The labile protein stores which may contribute to the building 
of hemoglobin or plasma protein may be important factors related 
to the protein catabolism and excess urinary nitrogen observed in 
the presence of a sterile abscess. 

Creatine figures above suggest that a part of these labile protein 
stores are present in the muscles but it is highly probable that the 
liver is concerned. 

The possibility that the lower nitrogen excretion by the anemic 
dog is due to conservation by recapture is considered. 


© 

> 

ae 

: 

: 

i 

4 

j 
i 

% 4 

be 
a 

| 
rd 

| 
18 i 

{ 

iz 
§ 
3 

q 

; 

i 

; 

a 

% 

de 

¢ 

ag 

} 

; 

£ 4 


~ 


10. 


Daft, Robscheit-Robbins, and Whipple 5Y 


BIBLIOGRAPHY 


. Bogniard, R. P., and Whipple, G. H., J. Exp. Med., 66, 653 (1932). 
. Cooke, J. V., and Whipple, G. H., J. Exp. Med., 28, 223 (1918). 
. Daft, F. S., Robscheit-Robbins, F. 8., and Whipple, G. H., J. Brot. 


Chem., 108, 495 (1933). 


Daft, F. S., Robscheit-Robbins, F. S., and Whipple, G. H., J. Beol. 


Chem., 118, 391 (1936). 


. Folin, O., and Buckman, T. E., J. Biol. Chem., 17, 488 (1914). 
. Holman, R. L., Mahoney, Fk. B., and Whipple, G. H., J. Bap. Med., 59, 


251 (1934). 


. Madden, 8. C., Winslow, P. M., Howland, J. W., and Whipple, G. H., 


J. Exp. Med., 66, 431 (1937). 


. Robscheit-Robbins, F. S., and Whipple, G. H., Am. J. Physiol., 112, 


27 (1935). 


. Robseheit-Robbins, F. 8., and Whipple, G. H., J. Exp. Med., 63, 767 


(1936). 
Whipple, G. H., and Robscheit-Robbins, F. S., Am. J. Physcol., 116, 
651 (1956). 


4 
: 
| 
4| 
| 
| 
| 
| 
‘| 
] 
| 
i 
t 
| 
| 
J 
| 
| 
: | 
6 
| 
; 
7 
| 
i 
+ 
i 
41-3 


‘ 
é 
5 
5 
| 
| | 
rer ; 
i 


THE NATURE OF THE LIPOTROPIC AGENT IN PANCREAS 


By FRANCIS X. AYLWARD* ann L. EMMETT HOLT, Jr. 


(From the Department of Pediatrics, The Johns Hopkins University 
School of Medicine, Baltimore) 


(Received for publication, June 25, 1937) 


Following the pioneer observations of von Mering (1) and 
Naunyn (2) that complete removal of the pancreas in the dog 
gave rise to fatty liver, suggestions were not wanting (3) that the 
pancreas elaborated a specific substance concerned in some way 
with fat metabolism. The discovery that insulin would abolish 
the lipemia as well as the ketosis of diabetes mellitus cast grave 
doubt upon the existence of such a factor; it seemed likely that 
all the disturbances of fat metabolism seen in that disease were 
indirect results of the disturbed carbohydrate metabolism. This 
point of view was challenged in 1924. It failed to explain the 
lack of correlation between diabetic lipemia and the severity of 
the disturbance in carbohydrate metabolism, and it also failed 
to explain certain cases of lipemia (4) in the presence of pan- 
creatic disease without any diabetes. On the experimental side, 
Allen, Bowie, Macleod, and Robinson (5) showed that although 
insulin enabled depancreatized dogs to survive for a consid- 
erable period of time, it did not prevent the development of fatty 
liver in these animals, whereas raw pancreas fed as a supplement 
to the insulinized depancreatized dog would regularly abolish 
the fatty liver. The nature of the lipotropic material in raw 
pancreas which was responsible for the disappearance of the fatty 
liver was further studied by the Toronto workers, Hershey, 
Best, and their collaborators (6), who concluded first that lecithin 
was responsible and later made the observation that choline was 
quite as effective as lecithin and would altogether account for its 
activity. Substances related to choline, notably betaine, exerted 
a similar but less marked effect. Besides curing or preventing 
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the fatty liver of the insulinized depancreatized dog, choline was 
found to be effective against the fatty liver produced in the rat 
by an excessively high fat diet, as well as that produced by over- 
feeding with cholesterol in the rat. 

The réle of choline as the sole lipotropic factor in pancreas was 
not questioned until 1935. In that year Ralli, Flaum, and Banta 
(7) reported that raw pancreas seemed to be more effective than 
lecithin, and Channon and his collaborators (8, 9) demonstrated 
that casein possessed some lipotropic activity. In the following 
year Chaikoff and Kaplan (10) reported that raw pancreas fed 
by mouth would cause an elevation of blood cholesterol not 
observed with choline, and, finally, Dragstedt and his collaborators 
(11) found that in the depancreatized insulinized dog raw pan- 
creas Was approximately 15 times as effective in curing fatty 
liver as was to be expected from its choline content; they also 
reported that brain and liver were not lipotropic despite the 
fact that they contained as much choline as pancreas. 

The experiments here reported were undertaken to throw light 
on the vexed ‘question as to whether or not pancreas contains a 
lipotropic factor other than choline. Quantitative comparisons 
were made of the ability of choline and of pancreas in preventing 
and curing the fatty liver produced by overfeeding with fat in the 
rat. 


Methods of Study 


The rats used in this study were adult or adolescent animals 
from a mixed colony of albino and hooded Norwegian rats. The 
animals were as a rule over 150 gm. in weight; it was found that 
animals weighing less than 125 gm. did not tolerate the diet well. 
For each experiment a group of eight rats was used, half males 
and half females; no mating was permitted. Care was taken 
that in the parallel experiments the weights of the animals in the 
comparable groups should be approximately equal. 

The basal diet used to produce fatty livers was similar to that 
employed by Channon and Wilkinson (8) with the exception 
that Vegex was used in place of Marmite as a source of the B 
group of vitamins. The composition of the basal diet was as 
follows: 
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Cod liver oil was given separately by medicine dropper, 2 drops 
every 3rd day to each animal. On the average each animal con- 
sumed about 15 gm. of the diet per day. Various quantities of 
choline chloride or of beef pancreas were incorporated in the diet, 
as is described in the experiments below. 


Analytical Procedures 


Animals were killed after an overnight fast, samples of blood 
being taken by cardiac puncture under light ether anesthesia 
just before death. Blood samples were collected in sodium oxalate 
and the oxalated whole blood was extracted with alcohol-ether 
(3:1), the total lipids of the extract being determined gravi- 
metrically (8, 9, 12). 

The livers from each group of rats were weighed and pooled 
and the tissue extracted with aleohol-ether and analyzed for 
lipids according to the technique and methods described by 
Best, Channon, and Ridout (12). | 

Based on the assumption that lipoid phosphorus corresponds 
to dioleolecithin, calculations of phospholipids of phospholipid 
fatty acids were made from the following formula: lecithin = 
lipoid P X 25.9; phospholipid fatty acids = lipoid P x 18.24. 

On the assumption that fatty acids bound to cholesterol cor- 
responded to oleic acid calculations of cholesterol esters were 
made from the formula: cholesterol esters = combined cholesterol 
1.684. 

Glyceride fatty acids were obtained from the formula: gly- 
ceride fatty acids = total fatty acids — (phospholipid fatty acids 
+ fatty acids bound to cholesterol). 

Triglyceride was calculated from the formula: glyceride fatty 
acids KX 1.045 (on the assumption that the glyceride consisted 
of triolein). 
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Results 


Most of our experiments deal with the prophylactic effect of 
choline and pancreas, as it was felt that this was probably more 
satisfactory than curative experiments for quantitative deter- 
mination of the lipotropic effect. In our prophylactic study 
twelve groups of rats were used. Three groups (A-1, A-2, and 
A-3) served as controls to indicate the degree of fatty liver pro- 
duced by the basal diet unsupplemented. In the remaining 
groups supplements of choline chloride (Groups C, EK, and G) 
or of beef pancreas (Groups B, D, and F) were fed at three different 
levels. The quantity of the supplement was adjusted so that the 
choline equivalent of the choline chloride diets and the pancreas 
diets would be approximately identical at each of the three levels 
employed. The choline equivalent of pancreas was based on the 
analyses of Fletcher, Best, and Solandt (13). Under these 
conditions the presence in pancreas of a lipotropic factor other 
than choline should be revealed by a more marked reduction of 
liver fat in the pancreas group than in the corresponding choline 
chloride group. 

In Table I are presented the analytical data on the liver lipids. 
The most significant change is found in the total lipid content of 
the liver. If one contrasts the figures obtained in the control 
groups receiving the high fat diet with those obtained with rats 
on a stock diet (not shown), it is found that the total lipids have 
increased from the normal average figure of 6 per cent to an aver- 
age of 30.7 per cent. This is due chiefly to the deposition of 
triglyceride in the liver. There is, however, some increase in 
other lipid fractions. The cholesterol ester is found to have in- 
creased from its normal value of 0 to an average of 0.22 per cent. 
When calculated as per cent of the liver lipids, the free cholesterol 
is found to be unchanged and the phospholipid is actually found 
to have decreased. It should be pointed out, however, that this 
decrease is more apparent than real. When one takes into con- 
sideration the fact that the liver has increased in weight, and 
calculates the liver phospholipid per 100 gm. of rat (calculation 
not tabulated), it then appears that the high fat diet has actually 
caused a moderate increase in the deposition of liver phospho- 
lipid, though this increase has not kept pace with the increase 
in the weight of the liver. These findings are similar to those 
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reported by the Toronto and Liverpool workers and need not be 
further discussed. 

When one compares the findings on our control animals with 
those on the animals receiving supplements of choline or pancreas, 
it is found that both of these agents tend to bring about a reduc- 
tion of the liver lipids toward the normal values in all the respects 
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Fic. 1. Effect of supplements of choline chloride and of pancreas on 
liver fat. 


mentioned. The most striking change is the reduction of the 


4 ‘ | triglyceride. The cholesterol esters tend to be reduced. The 
= per cent of free cholesterol is unaffected, while there is a slight 
. increase in the per cent of phospholipid. The effect is propor- 


tional to the quantity of supplement given, the largest doses of 
each causing almost complete return to the normal figures. 
When the two types of supplement are compared in terms of 
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their choline content, it is found that their lipotropic effect is for 
all intents and purposes identical. This is shown graphically 
in Fig. 1 where total liver lipids are plotted against the supple- 
ments expressed as equivalents of choline. Our experiments 
therefore give no indication of a lipotropie factor in pancreas 
other than choline. 

Our data contain other observations of some interest. Because 
of the difference noted by Kaplan and Chaikoff (14) in the effect 
of raw and autoclaved pancreas on the depancreatized insulinized 
dog, we made comparisons of the effect of raw and autoclaved 
pancreas when given as supplements to rats on a high fat diet. 
It will be noted that the analyses of the livers in the groups re- 
ceiving autoclaved pancreas (Groups B-3 and B-4) were identical 
with those receiving raw pancreas (Groups B-1 and B-2). We 
therefore find no evidence of a thermolabile lipotropic factor in 
pancreas. In commenting upon the observations of Kaplan and 
Chaikoff we may point out that the differences in the liver fat 
which they observed when comparing raw and autoclaved pan- 
creas were very slight; their chief difference being noted in the 
case of the blood cholesterol esters which in the case of the raw 
pancreas supplement were restored toward the normal from the 
low level caused by pancreatectomy, but remained low in the case 
of the autoclaved supplement. It seems to us not improbable 
that this difference could be attributed to the presence of pan- 
creatic lipase in the raw product with consequent better absorp- 
tion of fat. A postabsorptive rise in cholesterol after fat ad- 
ministration is apparently a more striking phenomenon in certain 
animals than it is in man. 

We may mention also the fact that in addition to the prophy- 
lactic experiments described we have also carried out a smaller 
number of curative experiments in which the effect of choline and of 
pancreas was compared in rats which had been allowed to develop 
fatty livers from high fat diets. Here again pancreas appeared 
to be no more active in removing the excess of fat from the liver 
than one would expect from its choline content. 

Our observations on the total blood lipids made on rats in the 
preventive series of experiments were disappointing in that normal 
values were obtained throughout and no correlation could be 
made between the total blood lipids and the condition of the liver. 
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For this reason it did not seem worth while to study the partition 
of the blood lipids. 


DISCUSSION 


In commenting on our results we do not feel that our experi- 
ments cast doubt upon the observations of Dragstedt et al. (11), 
whose proposed “‘lipocaic’” hormone from pancreas was found to 
be 15 times as potent as choline in curing the fatty liver of the 
depancreatized insulinized dog. ‘The conditions in our rats and 
in their dogs may not be comparable and we are certainly not 
justified in generalizing beyond the scope of our own experiments. 
All we can say is that our experiments fail to demonstrate any 
lipotropic factor in pancreas other than choline, as far as the 
alimentary fatty liver of the rat is concerned. It may not be 
out of place, however, to point out that Dragstedt and his collab- 
orators rested their case entirely upon histological evidence, which 
does not invariably give an accurate picture of the chemical state 
of the liver. It is to be hoped that confirmatory experiments 
with depancreatized insulinized dogs will be undertaken with 
chemical methods of assaying the fatty liver. 


SUMMARY 


A comparison of the lipotropic effect of choline and of beef 
pancreas in controlling the fatty liver produced by high fat diet 
in the rat indicates that the effect of pancreas is adequately ex- 
plained by its choline content. There is no evidence of the pres- 
ence of a lipotropic factor in pancreas other than choline. The 
significance of these results in relation to the proposed ‘“‘lipocaic”’ 
hormone of Dragstedt and his collaborators is discussed. 


We wish to acknowledge our indebtedness to Mr. G. Colloveris 
for assistance in some of the analytical work, and to Mrs. C. N. 
Kajdi and Miss IX. Nelson for assistance in the preparation of the 
diets. 
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THE COMPOSITION OF THE TISSUE PROTEINS 
II. THE ESTIMATION OF ARGININE 


By SAMUEL GRAFF, ESTHER MACULLA, ann ADA M. GRAFF 


(From the Department of Obstetrics and Gynecology, College of Physicians and 
Surgeons, Columbia University, New York) 


(Reeeived for publication, July 14, 1937) 


Arginase is probably the most specific reagent for arginine, 
converting it quantitatively to ornithine and urea. Furthermore, 
arginine is the sole natural amino acid (with the exception of 
canavanine) capable of yielding urea by enzymic or chemical 
cleavage. Urea, in turn, can be estimated with great precision 
by the xanthydrol method of Fosse (1). That these specific 
reactions have not completely replaced other comparatively 
erude methods for the estimation of arginine is perhaps due to 
the difficult and time-consuming procedures hitherto described. 
This paper offers a precise and generally applicable procedure 
for the determination of small quantities of arginine (0.5 to 1.5 mg. 
of arginine nitrogen) in protein hydrolysates. We shall inelude 
all the minute details which not only insure success of the pro- 
cedure, but also simplify manipulations and afford results in less 
time than required by any other procedure. 

Arginase was first used as a quantitative reagent by Jansen (2) 
(1917) in combination with urease. Bonot and Cahn (3) em- 
ployed arginase followed by xanthydrol, but their procedure was 
laborious and inconvenient. More recently Hunter and Dauph- 
inee (4) (1930), reverting to urease, improved on Jansen’s pro- 
cedure both in point of time and precision. Their method, how- 
ever, involves two colorimetric pH adjustments, difficult in 
heavily pigmented hydrolysates, often requiring the removal of 
the humin. Furthermore, the Hunter and Dauphinee procedure 
involves the simultaneous estimation of several different variable 
blanks with each sample analyzed. Our procedure, on the other 
hand, requires only one determination of one invariable blank, 
and only one pH adjustment. We also find that the precise 
adjustment of pH is as unnecessary as it is inconvenient; that a 
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rough adjustment by litmus and phenolphthalein papers is 
sufficient, if an excess of enzyme is used. 


Arginase Solution 


The most detailed study of the preparation of arginase is that 
of Hunter and Dauphinee. They described a very rapid extrac- 
tion of liver tissue with a high proportion of glycerol followed by 
fractional heat coagulation of much of the accompanying protein. 
We have found that liver extracts so prepared are suitable for 
quantitative microanalysis, since they are high in activity, rela- 
tively low in extraneous material, and stable and clear for months. 
Their low urea content is the only “blank impurity’’ involved in 
the procedure hereinafter described. This blank is minimal in 
the Hunter-Dauphinee extracts; we were not successful in at- 
tempts to eliminate it completely and such attempts always 
resulted in a considerable loss of activity. Alcohol or acetone 
precipitation of liver hash or of extracts, adsorption-elution with 
alumina gels, and dialysis in the cold did not improve the ratio 
of arginase activity to urea impurity. Our Hunter-Dauphinee 
extracts contained from 0.15 to 0.30 mg. of urea per ec. accompany- 
ing an arginase activity capable of splitting 40 mg. of arginine 
(and so producing 13.80 mg. of urea) in 4 hours at 37° and pH 8.4. 
Longer incubation increases the amount of arginine split without 
any change in the blank. The latter does not change over a 
period of several months, if the solution is kept in the refrigerator. 
We have found it convenient, however, to keep a running check 
on the blank by using different quantities of the enzyme solution 
in each of two otherwise identical duplicate samples. The weights 
of dixanthydryl urea found should differ by the measured blank 
of the difference of the enzyme volumes. Since the cold enzyme 
solution is very viscous, it is best stored in a dropping bottle and 
measured for use dropwise. The routine use of different amounts 
of enzyme solution in duplicate determinations also gives assur- 
ance of completeness of arginase action; without this precaution, 
in cases of arginase insufficiency, identical samples treated in an 
identical manner may check but still be low. 


Preparation of Xanthydrol 


Although we recommend and shall deseribe the gravimetric 
estimation of the ureide, the following precautions for the prepara- 
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tion of xanthydrol and its use as a reagent are equally important 
for other methods of analysis, colorimetric (5, 6), nephelometric 
(7), titrimetric (8), and Kjeldahl. We have found commercial 
specimens of xanthydrol useless for quantitative work; they are 
frequently so badly decomposed as to be almost insoluble in 
methyl alcohol. Not only may they contain very little xanthy- 
drol, but they tend to form insoluble impurities during the reaction 
with urea. 

In any procedure for the synthesis of xanthydrol in which too 
much heat is generated, or in which the product is dried at 
higher than room temperature, there is considerable decomposi- 
tion. We, therefore, recommend the following modification of 
Holleman’s synthesis (9); 0.9 per cent sodium amalgam is prepared 
by the slow addition of 980 gm. of dry mercury (72 ec.) to 9 gm. 
of sodium in a 500 ce. round bottom flask. (This amalgam is 
liquid at room temperature in contrast with Holleman’s 1.2 per 
cent amalgam.) <A suspension of 25 gm. of xanthone in 200 ce. 
of 95 per cent ethyl alcohol is added to the amalgam. The flask 
is shaken without permitting the temperature to rise above 50-60°. 
All of the xanthone dissolves in about 15 minutes, but the shaking 
is continued for 10 minutes more, temperature being controlled by 
cautious immersion in cold water. The alcoholic solution of xan- 
thydrol is then centrifuged and filtered through a dry filter into 2 
liters of cold water. The heavy white precipitate of xanthydrol 
is filtered off on a Buchner funnel, and washed with cold water 
until it is free of sodium hydroxide. The precipitate is pressed 
out on the filter, and then rubbed out on a porous plate. Com- 
plete drying is accomplished by dissolving the product in a 
minimal quantity of absolute ethyl alcohol (about 100 ce.) at 
room temperature with vigorous stirring. When the material 
has stood overnight in the refrigerator (—10°) about 85 per cent 
of the xanthydrol precipitates, is filtered off by suction in the cold, 
and air-dried without further washing. The yield is about 19 gm. 
(75 per cent of theory). Two separate reagents are prepared, a 
10 per cent solution in methyl alcohol and a 1 per cent solution 
in glacial acetic acid. The two solutions are employed in the 
ratio of about | volume of methyl alcohol solution to 20 volumes 
of the acetic acid solution. Both solutions decompose slowly 
with precipitation and must be freshly filtered before use. Suffi- 
cient xantbydrol for adequate reaction remains in solution for 
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about 3 months; after that the solutions should be discarded. 
Xanthydrol cannot safely be reclaimed by water precipitation, 
since the resulting material is frequently contaminated with oily 
decomposition products. 


Precipitation of Urea 


The procedures of Fosse and of Bonot and Cahn lead to very 
erratic results, even with pure urea solutions. The following 
empirical routine for the precipitation of urea and the filtration 
of the ureide is presented in great detail, since it has not been 
adequately described before. The details involve sequence, 
relative volume, stirring, and timing in addition of reagents, and 
in filtering and washing the precipitate. When a reiatively strong 
solution of xanthydrol in methyl alcohol is added to a 50 per cent 
solution of urea, there is frequently a precipitation of xanthydrol 
or xanthydrol derivatives which are difficult to filter and are 
insoluble in the medium even with vigorous stirring. ‘This is 
avoided if the xanthydrol is first added to glacial acetic acid and 
the water solution of the unknown is slowly added to this with 
stirring. A small amount of methyl alcohol is necessary for the 
reaction, whereas ethyl alcohol gives low yields. The problem 
of obtaining a quantitative yield of filtrable precipitate free of 
contaminants is hence solved only by exact attention to routine. 
Furthermore, the character of the precipitate is such that we do 
not recommend the procedure for samples larger than 1.5 mg. of 
arginine nitrogen (11.26 mg. of dixanthydryl urea). 

Reagents Required 

1. Arginase solution (as described by Hunter and Dauphinee). 

2. Tanret’s reagent. Dissolve 1.35 gm. of mercuric chloride 
in 25 ee. of water; add to this a solution of 3.32 gm. of potassium 
iodide in 25 ee. of water; then make the total solution up to 60 ce. 
with distilled water and add 20 ce. of glacial acetic acid. 

3. 10 per cent xanthydrol in methyl alcohol (approximate). 

4. 1 per cent xanthydrol in glacial acetic acid (approximate). 

5. Saturated solution of dixanthydryl urea in methyl alcohol. 

6. Saturated solution of dixanthydryl urea in 10 per cent 
acetic acid. 


Course of Analysis 


The protein hydrolysate, or aliquot thereof, is adjusted to the 
neighborhood of pH 6 by means of vacuum distillation and 
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addition of dilute sodium hydroxide. No buffer is necessary 
and the pH is sufficiently defined if the solution is alkaline to 
litmus paper and acid to phenolphthalein paper. We have found 
it convenient to use 12.5 ce. volumetric centrifuge flasks! into 
which small pieces of litmus and phenolphthalein paper are 
placed to guide the pH adjustment. The proper volume of 
enzyme is added by careful counting of drops (5 to 10 drops, 
depending on the arginase strength), and is followed by a small 
erystal of thymol. The sample is incubated at 37° overnight 
(no loss is incurred on incubating for as long as 24 hours); the 
enzyme is afterwards inactivated and the protein precipitated 
by the addition of 3 drops of glacial acetic acid and from 5 to 10 
drops of Tanret’s reagent. The contents are diluted to volume; 
the flask is rotated, allowed to stand for 15 minutes, and centri- 
fuged; the supernatant liquid is filtered through a dry fluted 
filter paper. 
Precipitation 

A 50 ce. acid-washed conical centrifuge tube is convenient for 
the precipitation of the ureide. A 5 or 10 ce. aliquot of the clear 
yellow filtrate described above, containing not more than 1.5 mg. 
of urea, is pipetted during mechanical stirring into an equal volume 
of glacial acetic acid to which have just been added about 10 drops 
of the freshly filtered methyl alcoholic xanthydrol. On being 
stirred for about 5 minutes a silvery precipitate begins to form. 
When this precipitate becomes clearly visible and distinguishable 
from air bubbles, some 1 per cent xanthydrol in glacial acetic 
acid, equal in volume to the sample taken, is added. Stirring is 
uniformly continued during all this procedure and for 30 minutes 
longer, after which the stirrer is washed down with 1 cc. of glacial 
acetic acid followed by 1 cc. of methyl alcohol. The precipitate 
is in finely divided crystalline form and should be filtered off 
within an hour; that is, before much agglomeration occurs. 


Filtering and Washing the Precipitate 


The most convenient form of filter for this purpose is the micro- 
tube with a coarse or medium integral fritted glass disk. Pregl’s 
(10) arrangement for siphon and suction is useful, since it is 


‘ These can be obtained from the Scientific Glass Apparatus Company, 
Bloomfield, New Jersey. 
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important that the precipitate should not be sucked dry until 


the final washing is completed. 


The filter disk is adjusted to 


correct porosity with asbestos “milk,’’ washed with concentrated 
sulfuric acid, water, and alcohol; the whole is dried at 125° and 


12 


TABLE | 
Analysis of Standard Solutions 
Substance Theory | Found Remarks 
mg. | mg 
Urea 1085 1.083 No incubation 
| 1. O85 
| O84 | 
| 1.084" | 5 drops enzyme for 8 hrs. 
| 
Arginine N 1.543 1.550 
| 1 545 
1 548 
1 398 1 400 
1. 366 1. 362 
1 364 


* Enzyme blank: 100 drops of enzyme solution gave 2.660 and 2.665 mg. 
of dixanthydryl urea (equivalent to 0.0038 mg. of urea per drop). 


TABLE II 


Analysis of Protein Hydrolysates 


Substance | a Arginine N found 

| mg. per cent of total N 

| | 9.88 19.93, 19.96 
| 8.40 8.12, 8.15 


tared on the microbalance. 


With the siphon arrangement a 


slow steady suction is applied so that wash reagents can be 
added to the centrifuge tube before the siphon tube is empty. 
When most of the ureide suspension has passed over, and the 
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The proteins were refluxed with HC] for 12 hours. 
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air column is no longer than 1 inch in the siphon tube, the centri- 
fuge tube is washed down with three successive 2 cc. portions of 
methyl alcohol (previously saturated with dixanthydryl urea); 
this washing is followed, in the same manner, by two 2 ec. portions 
of 10 per cent acetic acid (also saturated with the ureide). If 
the 10 per cent acetic acid washing causes the formation of a 
milky ‘cloud in the delivery end of the filter tube, the methyl 
alcohol washings must be repeated. After a final washing with 
2 cc. of methyl alcohol the precipitate is briefly air-dried, and the 
tube polished with chamois skin and dried at 125° for 15 minutes. 
The precipitate is not hygroscopic and may be weighed at any 
time after temperature equilibrium. The weight factors involved 
are: urea = 0.1428 X dixanthydryl urea; arginine nitrogen = 
0.1332 & dixanthydryl urea. 
Tables I and II give some of our results with the method. 
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THE COMPOSITION OF THE TISSUE PROTEINS 
III. ARGININE IN THE PLACENTA 


By SAMUEL GRAFF anp ADA M. GRAFF 


(From the Department of Obstetrics and Gynecology, College of Physicians and 
Surgeons, Columbia University, New York) 


(Received for publication, July 14, 1937) 


The arginine content of the human placenta has been studied 
by many authors. Their findings differ widely. Harding and 
Fort (1) in 1918 reported the significant value of 22.54 per cent 
arginine nitrogen in the mature human placenta, concluding 
that “‘this high arginine content of placenta... places this organ 
in a category quite apart from that of all other human organs.”’ 
In 1923 Ehrenberg and Liebenov (2) obtained a value of 21.3 
per cent. Wehefritz (1925) (3), however, reported the value of 
13.4 per cent for the mature placenta, agreeing with Ehrenberg 
and Liebenov that the arginine content decreases with the age 
of the placenta. Ehrenberg and Liebenov cite the maximum 
value of 23.89 per cent in a 4.9 month placenta and a minimum 
value of 21.18 per cent in an 11.8 month placenta. Wehefritz 
found a wider variation, although not as regular; his values were 
22.80 per cent in a 5 month placenta and 13.40 per cent in a 9 
month placenta. Since these figures have been the basis of 
much speculation regarding embryonic development and_ the 
induction of labor and, moreover, since the histological and 
chemical properties of the placenta do not agree with values that 
characterize the protein as consisting wholly of histone, we decided 
to reinvestigate the arginine concentration of the placenta and 
its variation with development. All the investigators quoted 
above used the Van Slyke partition method; in our own work 
the procedure was that described in a previous paper (4). The 
human placentas came from the Sloane Hospital service and 
included term and premature specimens. The animal placentas 
were obtained from guinea pigs mated and timed by the smear 
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method. The placenta samples were prepared by freeing the 
fresh tissue of cord, membranes, large blood vessels, and infarcts. 
The tissue was successively minced, dehydrated with acetone, 
thoroughly extracted with alcohol, dried in a vacuum desiccator, 
pulverized in a steel mortar, again extracted with alcohol, and 
dried. Approximate samples were weighed into round bottom 
flasks. The contents were boiled under a reflux condenser with 
constant boiling HCl] for 8 hours, concentrated tn vacuo, diluted 
to a convenient volume, and convenient aliquots taken for total 
nitrogen estimation and for arginine estimation by the arginase- 
xanthydrol procedure. 

Analysis of ten human placentas, taken at term, gave values of 
arginine nitrogen, expressed as per cent of the total nitrogen, 
averaging 14.9, the minimum value being 14.4, the maximum 
15.3. ‘Two placentas, taken at term from toxic pregnancies, 
yielded values of 14.9 and 15.1 respectively. Closely similar 
results were obtained with eight placentas from pregnancies of 
8 to 42 weeks, all of which fell within the range 14.8 to 15.2 per 
cent, and with guinea pig placentas of 23 to 62 days (14.7 to 
15.1). The small variations in the arginine values are ascribed 
merely to the impossibility of obtaining truly representative 
samples of the placenta. 


CONCLUSION 


We must conclude that the arginine content of the human 
placenta protein is not unique, rather that it is consistent with 
the histology of the placenta. 
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THE COMPOSITION OF THE TISSUE PROTEINS 


IV. THE ESTIMATION OF CYSTINE 


By SAMUEL GRAFF, ESTHER MACULLA, ann ADA M. GRAFF 


(From the Department of Obstetrics and Gynecology, College of Physicians and 
Surgeons, Columbia University, New York) 


(Received for publication, July 14, 1937) 


In 1929 Hopkins (1) demonstrated the precipitability of gluta- 
thione by cuprous oxide, a reaction later shown by Pirie (2) to be 
a general property of mercaptans.' This principle has been 
applied by Vickery and White (3) to the quantitative estimation 
of cystine in proteins. In the present paper there is described 
a convenient and rapid microprocedure for the estimation of 
cystine, and evidence is presented demonstrating the equivalence 
of nitrogen and sulfur in the cuprous precipitate. The analysis, 
requiring only about 2 mg. of cystine, can be completed within 
4 hours after the initial hydrolysis of the proteins. 

In brief, the method involves hydrolysis of the protein, reduc- 
tion of the cystine, filtration from humin and excess zinc, precipita- 
tion of the mercaptide, washing of the precipitate, and the optional 
ultimate digestion by the Kjeldahl procedure or ignition for 
sulfur determination. We shall discuss each of these measures 
before we detail the procedure. 

Sulfuric acid was used for the hydrolysis by Vickery and White, 
who precipitated in the sulfuric acid medium, as did Hopkins 
and Pirie, in spite of the fact that this acid promotes the conversion 
of cuprous ion to cupric ion and metallic copper. The oxidizing 
effect of eupric ions on cystine is well known (4); we have observed 
a large and rapid uptake of oxygen when cystine was shaken with 
a trace of copper sulfate. We have also sustained losses of from 
5 to 10 per cent in experiments where the only alteration of the 
procedure was the addition of cupric ions to the solution imme- 


‘ Purines are precipitated under similar conditions, but they are quickly 
destroyed in the usual complete hydrolysis by strong acid. 
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diately before precipitation with cuprous oxide. We therefore 
employ hydrochloric acid, the usual hydrolytic agent, which is 
superior to sulfuric acid in some other respects; it is a better 
solvent for cuprous oxide, and its concentration can be adjusted 
more conveniently. In addition, it was desirable to work without 
added sulfur in any form in the experiments here described. 

Vickery and White boiled their sulfuric hydrolysates with tin 
for 24 hours (7.e., during the time of the hydrolysis), whereas 
Pirie used zine dust for a very short time. The latter procedure is 
preferable on several counts. Lugg (5) has shown that cysteine 
decomposes markedly when it is boiled with humin, and that 
stannous salts accelerate this decomposition, losses increasing 
with time of exposure. Furthermore, in the presence of tin salts a 
rapid oxidation of cuprous ion to cupric ion occurs. We, therefore, 
eliminate the reversible stannous-stannic system in favor of zine 
which Sullivan and Hess (6) have shown to be adequate under 
even milder conditions than ours. 

Although only the cysteine in such a reduced hydrolysate 
combines with cuprous oxide, the precipitate might include two 
other forms of nitrogenous material, the humin and the adsorbed 
nitrogen. The humin is removable with the excess zine by 
filtration at pH 5. If the hydrolysate is concentrated in vacuo 
before reduction with zinc, sufficient HC] remains for the reduction 
which also diminishes the free acid concentration. The solution 
can then be adjusted to pH 5 by sodium acetate before filtration, 
which involves no loss of cysteine. With the addition to this 
filtrate of a suitable volume of acetic acid the reaction shifts to 
pH 4, the best reaction for precipitation. 

The resulting soittion is heated to boiling and treated with an 
aqueous suspension of cuprous oxide. It is important that this 
be of the brick-red, rapidly sedimenting, easily wetted type. It 
is best made in the laboratory by reduction of strongly alkaline 
Fehling’s solution with glucose. 

On washing, the precipitated mercaptide easily passes into 
colloidal suspension unless electrolytes are present in the wash 
solution. Vickery and White as well as Pirie report the induction 
of the colloidal state before the precipitate is free of sulfate. An 
adequate washing reagent is dilute citrate-acetate buffer of pH 
3.6. This solution has the ability to dissolve many adsorbed 
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copper compounds, though the cysteine mercaptide is not detect- 
ably soluble in it. A stock solution to be diluted 10 times for 
use is made by the addition of 20 ec. of glacial acetic acid to a 
solution containing 12 gm. of sodium citrate and 15 gm. of citric 


acid in 200 cc. of water. 


TABLE | 
Cystine Recovery 


In each experiment the weighed sample of cystine was added to 1 gm. of 
gelatin. 


N, theory N found, Kjeldahl | N gauivalence of | Cystine added 
mg. mg. mg. | 
0.336 | 0.336 After hydrolysis 
0.588 0. 587 | | 46 
0.606 | 0.602 | Before 
0.583 | 0.578 0.583, 0.582 
TABLE II 


Analysis of Protein Hydrolysates 


Cystine N X 100 
Sample Total N 
Substance size 
Kjeldah! , By BaSO. 
mg 
6.90 6.93 
. surgical, extracted.................. 6.60 7.12 7.12 
Casein, Hammarsten.........................| 48.6 0.57 0.59 
Egg albumin 9 50 2.04 2.06 
Lactalbumin 14.08 2.22 2.21 
Serum protein (whole serum)............... 20.92 2.63 2.61 
 (CC1;COOH ppt.)............| 18.25 2.63 2.63 


Since in our procedure the mercaptide is isolated pure, the 
estimation of nitrogen by the Kjeldahl procedure should suffice 
for the ultimate analysis. The proof of its precision lies in 
demonstrating full recovery of added cystine from a protein 
containing no combined cystine, and in showing that the pre- 
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cipitate contains equivalent amounts of nitrogen and_ sulfur. 
The following data show that these criteria are met. They do 
not, of course, indicate the complete exclusion of other substances, 
such as homocystine, which contain equivalent weights of nitrogen 
and sulfur. Table I demonstrates the recovery of added cys- 
tine; Table II gives some of our results on proteins showing the 
equivalence of cystine nitrogen and cystine sulfur in the precipi- 
tates. 


Procedure 


Sufficient protein to contain about 2 to 5 mg. of cystine is 
boiled with about 50 times its weight of constant boiling HCl 
for 12 to 18 hours. The HCl is largely removed in vacuo and 
the residue taken up in about 10 cc. of water. About 100 mg. 
of zine dust are added and the cystine is reduced by heating 
under the reflux condenser for about 1 hour. The operations 
of hydrolysis, concentration, and reduction can be carried out 
in the same vessel if interchangeable ground connections are 
used as illustrated in Fig. 1. After reduction sufficient 8 N sodium 
acetate just to turn methyl orange yellow is added to the sample. 
The humin and excess zine are then filtered off after standing 
for about 15 minutes at pH 5 to 6. The filtrate is received in a 
50 ec. conical tip centrifuge tube; the total volume of filtrate and 
hot water washings should not exceed 30 to 35 ec. From 2 to 5 
ec. of glacial acetic acid, depending on the amount of sodium 
acetate used previously, are added to the filtrate to bring it 
roughly to pH 4. The solution is heated to boiling over a gauze 
during mechanical stirring and upon reaching the boiling point 
the cuprous mercaptide is formed by the dropwise addition of 
cuprous oxide suspension. Heating is discontinued at this point, 
but stirring and addition of reagent are continued to definite 
excess, that is until the gray-green mereaptide precipitate has 
acquired an orange or dull red color. The stirrer is then washed 
down with hot water and the suspension centrifuged for about 
5 minutes at 2500 r.p.m. The gelatinous precipitate packs down 
well and the supernatant liquid is readily decanted. The pre- 
cipitate is washed at least four times with hot dilute citrate- 
acetate buffer, with stirring and centrifuging before each decanta- 
tion. The thoroughly washed precipitates are now ready for 
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either the sulfur or nitrogen determination at the analyst's 
option. We shall describe both procedures briefly. The nitrogen 
determination has many advantages both in point of time and 
equipment required, and can be used where sufficient sample is 
available. The only detail requiring mention here is the solution 
and transfer of the mercaptide precipitate to the micro-Kjeldahl 
flask. About 1 cc. of distilled water is added to the precipitate 


WATER 


STEAM BATH 
Fic. 1. Arrangement for hydrolysis and concentration in vacuo 


in the tube followed by 1 ec. of concentrated H,SO; and 1 or 2 
drops of H.O.; the mixture is gently stirred until a clear blue 
solution results. This is transferred to the digestion flask with 
the aid of several lots of distilled water. The large amount of 
copper present does not interfere with the distillation of ammonia; 
hence the displacing alkali requires no thiosulfate. Equally 


good results were obtained by boric acid and standard HC] 
absorption. 
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The sulfur method here described was devised primarily to test 
the procedures, but recourse may be had to it when samples are 
very small. Ignition of the precipitate is carried out in a 15 ce. 
Corning No. 172 ignition tube to which the precipitate is transferred 


with the citrate-acetate wash solution. Alternate use of 1 ce. 


portions of 95 per cent ethyl alcohol helps to loosen the precipitate 
from the walls of the centrifuge tube, facilitating the transfer. 
After centrifugation and decantation exactly 1 ec. of an alkaline 
ignition mixture* is added to the moist precipitate which is gently 
shaken into suspension. The water is evaporated off in a drying 
oven at 120° or on the steam bath under an air jet, after which 
the tube is heated to about 500°, preferably in a muffle furnace. 
Ignition is complete in about 5 minutes at this red heat. After 
gradual cocling the silica is dehydrated by evaporating 1 cc. of 
concentrated HCl in the tube. The brown deposit is easily 
soluble (except for silica) in 0.1 nN HCl, and the resulting solution 
is filtered into a 50 cc. Erlenmeyer flask. After the filter is 
washed, 1 ee. of 10 per cent BaCle solution is added and the whole 
solution is again evaporated to dryness, whereupon 2 to 5 ce. 
of 0.1 nN HCl are sufficient to dissolve everything but the BaSO, 
which is then handled in the usual fashion. The factor is cystine 
N = 0.06 & BaSO,. 
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STUDIES ON THE MERCAPTURIC ACID SYNTHESIS IN 
ANIMALS 


Vv. THE EFFECT OF NAPHTHALENE ON THE GROWTH OF RATS 
AS RELATED TO DIETS OF VARYING SULFUR CONTENT 


By JAKOB A. STEKOL 
(From the Department of Chemistry, Fordham University, New York) 


(Received for publication, June 7, 1937) 


White and Jackson (1) found that when bromobenzene was fed 
to growing rats receiving a diet low in organic sulfur but adequate 
for moderate growth, the growth ceased, but was resumed again 
when the diet was supplemented with /-cystine or methionine. 
Taurine and NaeSQO, were ineffective in this respect. White and 
Jackson (1) concluded from these experiments that, ‘“Cystine and 
methionine supplements are specific in their ability to alleviate 
the deficiency imposed by the bromobenzene.” 

Inasmuch as metabolic studies on dogs (2), swine (3), and rab- 
bits (4) suggested a similarity in the behavior of naphthalene and 
halogenated benzenes (5) in these animals, a study of the metab- 
olism of naphthalene in the growing rat appeared desirable. 


EXPERIMENTAL 


Male albino rats, 26 days old, were placed in individual metab- 
olism cages and fed a basal diet devised by White and Jackson 
(1), consisting of casein! 6, inorganic salts? 4, suerose 15, corn- 
starch 50, and lard 25 per cent. This is referred to in Table I 
as Diet C-6. Throughout the experiments, each rat received 
separately 400 mg. of dried yeast’ and 100 mg. of cod liver oil 
per day. When the rats reached weights of 80 to 90 gm., 250 mg. 


‘Casein No. 453 was purchased from the Casein Company of America, 
Ine, 

? Osborne and Mendel salt mixture (Osborne, T. B., and Mendel, L. B., 
J. Biol. Chem., 37, 572 (1919)). 

* Product of the Northwestern Yeast Company. 
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of naphthalene per 100 gm. of the diet were incorporated. After 
failure in growth resulted, response generally being rapid loss in 
weight, /-cystine, dl-methionine, or taurine was added. ‘The diet 
containing naphthalene is referred to in Table I as Diet N-C-6. 
120 mg. of l-cystine, 150 mg. of methionine, or 150 mg. of taurine 
per 100 gm. of Diet N-C-6 were given. 


TABLE I* 
Effect of Naphthalene on Growth of White Rat 


Rat No. | Diet | | | | 
gm. gm. | gm. 
1? C6 9.1 27 59- 89 4:30 
N-C-6 5.9 | 10 | 8-82; 
N-C-6 with cystine 11.2 10 82-110, +28 
N-C-6 “taurine 86 | 10 110-106; —4 
12.5.) 10 | 106-134 | +28 
3 C-6 | 66 | 27 | 5B-81| +23 
N-C-6 | 36 | 10 | 81-68; -38 
N-C-6 with methionine | 8.0 10 | 68-92, +24 
N-C-6 taurine  §s 10 92-95; +83 
|. C6 10.0 | 10 | 9-114] +419 
5a | C6 5.8 | 27 | 63-79| +16 
_ N-C-6 with methionine 68 | 10 | 79-938; +14 
| N-C+4 49 | 10 | 987| 
 N-C-6 with taurine +3 
| C6 10.0 10 90-119 +29 
97 | C4 95 | 27 | G4 90} +26 
| N-C-4 5.8 | 10 | 90-83] -7 
N-C-6 with cystine 109 | 10 | 83-114! +431 
N-C-6 “taurine 78 | 10 | 114-110; 
| C4 120 110-136 +26 


* The data on each animal in this table are representative of the results 
obtained with five animals. 


l-Cystine was prepared from human hair; d/l-methionine and 
taurine were commercial products. ‘The purity of the compounds 
was checked by analysis. 

l-a-Naphthalenemereapturic acid was isolated from the urine 
of our rats by a procedure which was essentially that of McGuinn 
and Sherwin (6). The analysis of the substance gave the follow- 
ing results. 
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N M.p. [a]* 

degrees 
4.84 11.09 171 —25 (1 % in abso- 
4.76 11.12 171 —25 lute alcohol) 


The urine of the rats which received naphthalene, after acidifica- 
tion with hydrochloric acid and standing for 2 to 3 hours at room 
temperature, yielded free naphthalene. This finding is similar to 
those observed with rabbits (4), dogs (2), and swine (3). It 
appears that /-a-naphthalenemercapturic acid is not the only 
detoxication product which is synthesized by the rat from naph- 
thalene. 


DISCUSSION 


For the sake of economy of space, the data obtained on one- 
fifth of the number of animals used are summarized in Table I. 
The data show that the growth of the rats ceased when naph- 
thalene was administered, and was. resumed when [-cystine or 
dl-n. thionine was incorporated in the diet containing naphtha- 
lene. ‘Taurine was ineffective in promoting growth on the naph- 
thalene diet. 

These results are similar to those obtained with bromobenzene 
by White and Jackson (1). The failure in growth on Diet N-C-6 
may conceivably be due to the loss of tissue cysteine as mercap- 
turic acid without adequate recovery of the loss at the expense of 
dietary sulfur. The data seem to indicate that dietary taurine, in 
contrast to /-cystine and methionine, does not replace the tissue 
cysteine which is used in the detoxication of naphthalene by the 
rat. 

The above interpretation of our results is in line with the prin- 
cipal conclusions of White and Jackson (1) regarding the efficiency 
of /-cystine and methionine in alleviating ‘‘the deficiency imposed 
by the bromobenzene.”” We wish to emphasize again (5), how- 
ever, that “the imposed deficiency” is not necessarily the result 
of a direct union of dietary sulfur with bromobenzene or naph- 
thalene. In the light of other data (5), it seems probable that 
naphthalene, like bromobenzene, attacks the tissue sulfur to 
yield (-a-naphthalenemereapturic acid. The dietary sulfur, 
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when available, is then used by the animal to repair the attacked 
tissue. 

In all cases, our rats when fed Diet N-C-6 showed a decrease in 
food consumption. This effect of naphthalene on the food intake 
is similar to that observed with bromobenzene (1) and cholic acid 
(7). Although in the light of present knowledge such a decrease 
in food consumption may be due to cystine deficiency imposed by 
the administered substances, we wish to point out that we have no 
data as yet regarding the extent of conversion of either the bromo- 
benzene or the naphthalene into the corresponding mercapturic 
acids. Preliminary studies indicate that in the rat only about 40 
per cent of the naphthalene ingested in Diet N-C-6 is converted 
into the mereapturic acid (8). Tests indicate the presence of 
naphthalene in the urine in some form other than and in addition 
to the mercapturic acid. A study of the quantitative relation- 
ship between the intake of cystine and methionine and the output 
of cysteine as mercapturic acid, correlated with the responses in 
growth, would, perhaps, provide information of value in ascertain- 
ing whether or not the withdrawal of cysteine as mercapturic acid 
is the sole factor responsible for the cessation of growth of rats on 
Diet N-C-6. 

Pending the elucidation of these points by a quantitative study 
of the detoxication mechanism in the rat, we assume tentatively 
that the administration of the compound to animals on Diet C-6 
causes a cystine deficiency which can be alleviated by the adminis- 
tration of l-cystine or d/l-methionine but not by taurine. 


SUMMARY 


1. Naphthalene incorporated in a diet low in organic sulfur but 
adequate to induce moderate growth of white rats checks the 
growth and lowers the food consumption. 

2. I-Cystine and d/-methionine, but not taurine, when added to 
the naphthalene diet promote growth and at the same time in- 
crease the food consumption. 

3. The synthesis of l-a-naphthalenemercapturic acid from naph- 
thalene by the white rat is established. 

4. The rat, like the rabbit, dog, and swine, when fed naphtha- 
lene yields in addition to the mercapturic acid a substance which 
on acidification is converted to free naphthalene. 
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5. Certain factors which may be involved in the cessation of 
growth of rats upon the administration of naphthalene are dis- 
cussed. 


The author wishes to express his gratitude to Mr. J. Alieino for 
the microanalytical work. 
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STUDIES ON THE MERCAPTURIC ACID SYNTHESIS IN 
ANIMALS 


VI. THE DEPENDENCE OF THE EXTENT OF THE SYNTHESIS 
OF p-BROMOPHENYLMERCAPTURIC ACiD IN DOGS ON 
THE BODY WEIGHT* 


By JAKOB A. STEKOL 
(From the Department of Chemistry, Fordham University, New York) 


(Received for publication, July 19, 1937) 


In connection with the study of the detoxication of aromatic 
hydrocarbons in animals as related to various dietary conditions, 
it appeared to us of interest to investigate the dependence of the 
extent of the synthesis of p-bromophenylmercapturic acid in dogs 
on the body weight of the animal. Such a study seemed par- 
ticularly desirable inasmuch as our earlier studies along these 
lines indicated that the dietary sulfur is probably not the im- 
mediate source of sulfur which is used by the dog in the detoxica- 
tion of bromobenzene to yield p-bromophenylmercapturic acid (1). 


EXPERIMENTAL 


Six adult and seven growing female dogs were used. Pups 25, 
26, 27, and 28 were litter mates. The dogs and the pups were 
kept in individual metabolism cages and the urine was collected 
every 24 hours at9 a.m. Only the adult dogs were catheterized. 
All animals were fed the casein diet unless otherwise indicated in 
the tables. The composition of the casein diet and the low 
protein diet was described in Paper I of this series ( (1) p. 147). 
The casein diet in the amounts and manner fed to the growing dogs 
in the present study was shown to be adequate for growth of dogs 


to full maturity (2). The adult dogs received 60 to 65 calories _ 


and the growing dogs 140 to 145 calories per kilo of body weight. 
Whenever the casein diet was replaced by the low-protein one, 
the caloric intake remained the same. 


* This paper was presented before the meeting of the American Society 
of Biological Chemists at Memphis, April 24, 1937. 
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94 Synthesis of Mercapturic Acid in Dogs 


The influence of dietary sulfur on the extent of the synthesis of 
the mercapturic acid was ascertained by raising the sulfur content 
of the diet by the addition of weighed quantities of l-cystine to 
the daily portion of food for 3 days before the administration of 
bromobenzene, on the day of the administration, and on 2 sub- 
sequent days. Pups 25, 26, 27, and 28 were fed 0.3 gm. single 
doses of bromobenzene at various ages, immediately after the 
food. In all cases, the period between the feedings of bromoben- 
zene Was not less than 1 week. The pups and the dogs received 
food immediately after the collection of urine. All pups were 
kept on the casein diet continuously from the age of 5 to 6 weeks, 
The adult dogs were fed the same diet for 3 weeks before the first 
administration of bromobenzene, which was repeated with each 
dog at least 3 times at 1 to 2 week intervals between the adminis- 
trations of the drug. The extent of the synthesis of p-bromo- 
phenylmercapturie acid for each adult dog was about the same on 
repetition of the feeding of bromobenzene, varying by not more 
than 10 per cent. 

The urine of the dogs and pups was analyzed on the day of col- 
lection for total nitrogen, all sulfur fractions, and p-bromophenyl- 
mereapturic acid, by the Kjeldahl, Folin gravimetric, and Stekol 
(3) methods respectively. The excretion of the mercapturic acid 
in the urine was generally complete in 2 to 3 days after the ad- 
ministration of bromobenzene. The values for mercapturic acid 
as represented in Tables I and II show the total amount of the 
acid exereted in the urine from a given dose of bromobenzene. 

l-Cystine was prepared from human hair and was analytically 
pure. The diets were analyzed for total nitrogen and sulfur in 
several runs to insure constant composition. 


DISCUSSION 


For the sake of economy of space, the data are presented in a 
summarized form in Tables land II. The data obtained on Pups 
27 and 28 were similar to those on Pups 25 and 26 and were deleted. 


The results showing the effects of bromobenzene on the nitrogen 


and sulfur output in the urine of our dogs are not presented here 

inasmuch as the general behavior of these urinary components 

was the same as that reported earlier on several occasions. 
The following interpretation of our data is made with the as- 
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sumption that the excreted mercapturic acid represents the entire 
amount of the acid synthesized by the animal. There is no ex- 
perimental evidence, so far as we know, for or against a possible 
destruction of mercapturic acids in the dog. The results of feed- 


TABLE 
Extent of Synthesis of p-Bromophenylmercapturic Acid in Growing Dog 


| Intake | 


Bromobenzene 
Dog No. Age Weight | Dietary | Bromoben- | 
sulfur per | zene in output and 
24 hrs. | single dose | 

wks ko. mg | mg | mg. per cent 

25 9 6 1.60 183 | 80.2 
7 1.73 262* a 31.7 

13 3.50 245 300 316 a 

16 4.40 245 300 387 63.8 

18 5.30 oe 420 69.3 

36 8.30 313. | 300 494 81.5 

37 8.35 44q* | 300 496 81.8 

16 440 | 246 | 300 | 368 60.7 

77.4 

20 ¢ | | 


* 0.5 gm. of l-cystine was fed mixed with the daily portion of food. 

t The pups were fed an equicaloric amount of the low protein diet. 
Bromobenzene was administered on the Ist day of maintenance on this 
diet. 

$1.0 gm. of l-cystine was fed mixed with the daily portion of food. 

§ The pup died on the 4th day after the feeding of bromobenzene. 


ing p-halogenphenylmercapturic acids to dogs give no answer to 
this question (4). 

The data shown in Table I indicate that at the age of 6 weeks, 
the pups, weighing approximately 1.6 kilos each, excreted in the 
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urine mercapturic acid amounting to 21 to 30 per cent of the 
bromobenzene fed. Increased intakes of sulfur in these pups at 
about the same age and weight had slight, if any, effect on the aug- 
mentation of the synthesis of mercapturic acid. With the gain 


TABLE II* 


Extent of Synthesis of p-Bromophenylmercaplturic Acid in Adult and Growing 
Dogs As Related to Body Weight 


Bromobenzene per kilo 


Dietary sulfur 


Anima Weight per kilo Fed | Detoxicated as 

| mercapturic acid 
kg. mg. mg. | mg. 
Pup 20 9 3.2 317 46 
“239 2.5 | 110 420 | 64 
1.9 81 530 64 
“GR 9 1.6 80 187 57 
1.73 | 150 173 | 57 
4.4 | 56 70 | 43 
9 1.56 81 188 41 
1.70 | 152 179 | 49 
3.47 | 70 87 | 51 
Dog 14 9 9.7 24 103 | 40 
9 7 41 103 42 
97 52 103 | 43 
8.5 36 118 42 
8 5 55 118 43 
R 5 70 118 44 
«9 8.0 33 125 49 
8 0 | 59 125 | 47 
8.0 | 73 125 | 49 
4 47-9 7.0 | 49 | 143 | 46 
6.0 | 51 | 166 | 45 
ak 5.0 : 50 | 200 | 50 


* In all cases bromobenzene was fed in a single dose in a gelatin capsule. 
The values shown in the last column were computed from the data obtained 
for the total amount of mercapturic acid excreted by the dog from a given 
dose of bromobenzene. Theoretically, 1.0 gm. of bromobenzene should 
yield 2.02 gm. of p-bromophenylmercapturic acid. 


in weight, the per cent conversion of bromobenzene into the mer- 
capturic acid increased, reaching 75 to 82 per cent efficiency at the 
age of 18 to 36 weeks. This efficiency is apparently related to the 
body weight of the dog, inasmuch as with the increase in weight, 
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keeping the dose of bromobenzene constant and varying the sulfur 
intake by the administration or withdrawal of /-cystine from the 
diet, a relatively constant amount of bromobenzene is converted 
into the mercapturic acid per kilo of body weight of the dog. 
This relationship is illustrated in Table IT. 

Bromobenzene, in single doses varying from 70 to 530 mg. per 
kilo, yielded in the urine of our dogs 45 to 60 mg. of bromobenzene 
as the mercapturic acid per kilo of body weight. The closer the 
amount of bromobenzene administered is to the amount of bromo- 
benzene which the dog is capable of converting into the mercap- 
turic acid, the greater is the efficiency of the synthesis of mer- 
eapturic acid and the smaller are the toxic effects exerted by the 
bromobenzene. 200 to 300 mg. of bromobenzene per kilo proved 
to be quite toxic to Dog 19 and Pup 20, as was shown by a con- 
siderable rise in nitrogen excretion in the urine in spite of the ade- 
quacy of the diet in its sulfur content. 400 to 500 mg. doses of 
bromobenzene per kilo were lethal to Pups 23 and 24 respectively. 
The pups appeared well for about 30 hours after the administra- 
tion of bromobenzene, then showed depression and collapsed 30 
hours later and died within 24 hours. Of the several factors in- 
volved in considering the toxicity of bromobenzene to dogs, the 
age of the animal is perhaps an important one. In view of the 
possibility that the synthesis of the mercapturic acids takes place 
in the liver, it is probable that the factors which affect the detoxi- 
fying capacity of the liver will have an effect on the toxicity of 
bromobenzene to the animal as well as perhaps the extent of 
the synthesis of mereapturie acid. Of particular interest in this 
connection is the glycogen and fat content of the liver as related 
to its detoxifying capacity.! 

Under the specified conditions, the results presented here in- 
dicate that on an adequate diet the capacity of the dog to synthe- 
size p-bromophenylmereapturic acid from a single dose of bromo- 
benzene is limited and is more or less quantitatively related to the 
body weight of the dog. These conclusions we are not extending 
to experiments in which repeated feedings of bromobenzene are 
made. As we have stated before (1), between the administrations 
of bromobenzene, recovery of the attacked tissue takes place and 


1 For an excellent review of the physiology and pathology of the liver, 
see Mann and Bollman (5). 
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henee the animal is capable of detoxifying afresh additional por- 
tions of bromobenzene. The total capacity of the dog to syn- 
thesize p-bromophenylmercapturic acid from repeated doses of 
bromobenzene, if proper intervals are allowed for recovery, is 
undoubtedly much greater than our results indicate. 

Our data are in line with the conclusion made previously (1) 
that the organic sulfur in a diet which is otherwise complete deter- 
mines the capacity of the dog to synthesize the mercapturic acid 
from bromobenzene only in so far as it affects the nutritional state 
of the animal and that the extra organic sulfur which is present 
in an adequate diet cannot augment this function or serve as ma- 
terial for a direct detoxication of bromobenzene to — mercapturic 


acid. 


SUMMARY 


The extent of the synthesis of p-bromophenylmercapturic 
acid in the growing dog increased with growth when constant 
single doses of bromobenzene were administered to the pups at 
various ages for a period of 10 months. 

2. On an adequate diet, the synthesis of the mercapturic acid 
by the adult and the growing dog from a single feeding of bromo- 
benzene is apparently a function of the body weight of the animal. 
The extra /-eystine added to an adequate diet does not augment 
the extent of the synthesis of the mercapturic acid in the adult or 
the growing dog. 
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THE BASIC AMINO ACIDS OF KERATINS 


A NOTE ON THE BASIC AMINO ACID CONTENT OF PORCUPINE 
QUILLS AND ECHIDNA SPINES 


By RICHARD J. BLOCK ano M. K. HORWITT 


(From the Department of Chemistry, New York State Psychiatric Institule 
and Hospital, New York, and the Laboratory of Physiological Chemistry, 
Yale University School of Medicine, New Haven) 


(Received for publication, July 20, 1937) 


Keratins, named from the Greek word Képas, horn, are pro- 
teins resistant to digestion by the common proteolytic enzymes 
and yield on acid hydrolysis histidine, lysine, and arginine in such 
quantities that the molecular ratio of these amino acids respec- 
tively approximates 1:4:12 ((1); ¢f.(2)). Previous investigations 
have shown that besides cattle horn, human hair, human finger 
nails, sheep wool, egg-shell membrane, goose feathers, snake epi- 
dermis, silk fibroin, and the endoskeletons of the corals, Gorgonia 
flabellum and Pleraurella dichotoma are “true’’ keratins in the 
sense of the above definition. 

It was thought interesting, especially from the point of view of 
comparative biochemistry, to investigate the basic amino acid 
composition of two more ectodermal tissue proteins. The long 
sharp quills of the common Canada porcupine, Erethizon dorsatus, 
and short spines of the Australian spiny ant-eater, Hchidna 
aculeata. ‘The latter animal belongs to the lowest mammalian 
order, the egg-laying monotremes, of which the other member of 
this group, the duckbill, is better known. The echidna is from 15 
to 18 inches long. It has a mouth without teeth and is covered 
with stiff spines mixed with long, coarse hairs. The spines of 
the animal investigated were pale brown throughout most of 
their length but became more deeply pigmented toward the 
pointed end. The interior of the spines was filled with a pale 
yellow pulp. 
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100 Basic Amino Acids of Keratins 


EXPERIMENTAL 


The quills and spines were repeatedly extracted with boiling 


water and aleohol and were dried in the oven at 110°. The 


analyses for the amino acids in each substance were earried out 
independently by each of .the authors. The method employed 
was that described previously (3), except that the check analyses 
were carried out on 10.000 gm. of protein rather than 2.500 gm. 
The individual results which checked to within 5 per cent need 
not be given in detail. The values reported in Table I are the 
highest figures obtained irrespective of the analysis. This ap- 
pears to be justified because figures are based on isolation of the 
three amino acids, a procedure which does not give high results. 


TABLE 
Basic Amino Acids Yielded by Porcupine Quills and Echidna S pines 


| Hie Argi- | Molecular ratio, 
Keratin N tidine Lysine nine : Histidine to Lysine to Arginine 
per | per | per | per | 
cent , cent | cent cent | 
Porcupine quills 15.8 0.6 | 2.2 | 7.3 ] 
Echidna spines... ... 15.2.0.5 1.8 6.6 
SUMMARY 


Porcupine quills and echidna spines yield 0.6 and 0.5 per cent 
of histidine, 2.2 and 1.8 per cent of lysine, and 7.3 and 6.6 per cent 
of arginine respectively. These amino acids are in the molecular 
ratios 1:4:11 in the porcupine quills and 1:4:12 in the echidna 
spines. Thus, these two tissue proteins can also be classified as 
“true” keratins on the basis of their embryological origin and 
chemical composition. 


We are indebted to Dr. F. H. Ward of Ward’s Natural Science 
Kstablishment, Inc., Rochester, New York, for a portion of the 
material used in this investigation. 


BIBLIOGRAPHY 


1. Block, R. J., and Vickery, H. B., J. Biol. Chem., 98, 113 (1931). 
2. Block, R. J., Yale J. Biol. and Med., 9, 445 (1937). 
. Block, R. J., J. Biol. Chem., 106, 457 (1934). 


Jr. 


| 
| 
| ( 
t 
a 
| 
cl 
tg 


THE INFLUENCE OF BILE SALTS ON THE ENZYMATIC 
SYNTHESIS AND HYDROLYSIS OF CHOLESTEROL 
ESTERS IN BLOOD SERUM* 


By WARREN M. SPERRY V. A. STOYANOFEF 


(From the Chemical Laboratory, Babies Hospital, and The Department of 
Biochemistry, College of Physicians and Surgeons, Columbia 
University, New York) 


(eceived for publication, August 5, 1937) 


The proportion between the cholesterol fractions varies rela- 
tively little in the blood serum of healthy persons (1) and un- 
published evidence indicates that the ratio of combined to free 
cholesterol remains within the narrow, normal range in the pres- 
ence of many diseases. With few exceptions deviations have 
been observed only in conditions affecting the liver or in acute 
infections. 

The mechanism by which the proportion is controlled must be of 
fundamental importance in the metabolism of cholesterol and for 
some time we have been trying to learn more about it. In a 
recent communication (2) we showed that increasing amounts of 
sodium glycocholate, added to human or dog serum before in- 
cubation, inhibit increasingly the esterification of free cholesterol 
until a point is reached at which no esterification of free cholesterol 
or hydrolysis of cholesterol esters oecurs. With concentrations of 
the bile salt above this level a marked difference between numan 
and dog sera becomes evident: in the former the proportion be- 
tween the cholesterol fractions remains unchanged with all 
amounts studied, while in the latter cholesterol esters are hydro- 
lyzed more or less in proportion to the concentration of glyco- 
cholate until, with the larger concentrations, complete splitting 
takes place. 

It is probable that the phenomenon is related, directly or in- 


* This investigation was made possible by the aid of the Josiah Macy, 
Jr., Foundation. 
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directly, to the mechanism by which the ratio of combined to free 
cholesterol is controlled 7n vivo, and so we have been extending our 
studies of the bile salt effect in several directions in the hope that 
further evidence might lead to a satisfactory explanation which in 
turn would be of value in the understanding of cholesterol metab- 
olism. In the present communication we describe the effects 
of other bile salts on the enzymatic synthesis and hydrolysis of 
cholesterol esters in blood serum. 


j | | 


03 07 O89 
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Fic. 1. The effect of sodium desoxycholate on the proportion between 
the cholesterol fractions in human and dog serum. The ratio of combined 
to free cholesterol is plotted on the ordinates. The straight horizontal 
lines represent the control ratio. The range of molar bile salt concentra- 
tions is the same as that shown in Chart 1 (2) for sodium glycocholate. 
The solid lines represent human serum; dash lines represent dog serum. 


EXPERIMENTAL 


The procedure was essentially the same as that employed in the 
glycocholate study. Stock solutions of the bile salts (desoxy- 
cholate, cholate, taurocholate, taurodesoxycholate, and glycodes- 
oxycholate) were made up in the same molar concentration as 
the stock solution of glycocholate (2). Solutions of varying con- 
centration were prepared by suitable dilution of the stock solu- 
tions and added to serum (0.075 ce. to 0.3 ce. of serum) in small 
test-tubes, which were stoppered tightly and incubated for 1 or 
2 days. The concentration of total and free cholesterol was 
determined by the method of Schoenheimer and Sperry (3) in 
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control samples before and in the experimental samples after in- 


cubation. 

The desoxycholate solution was prepared from the free acid 
(Riedel-de Haen) and brought to pH 7.3 with NaOH (glass 
electrode). The stronger solutions tended to gel on standing and 
it Was necessary to warm them before use. All the other stock 
solutions were made up from the sodium salts and adjusted to 
about pH 7.5 by the addition of NaOH or HCl. <A drop of 
chloroform was added to each solution. The cholate was a 
Riedel-de Haen product, the taurocholate! was obtained from 
Hoffmann-La Roche, while the taurodesoxycholate and glyecodes- 
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CONCENTRATION mM 
per 100cc. 
Fic. 2. The effect of cholate, plotted as in Fig. | except that the range of 
bile salt concentrations is 6 per cent less (see text). 


oxycholate were synthetic products furnished by Dr. Frank 
Cortese. 

Cortese and Bashour (4) have shown that, “The amount of 
water present in the pure sodium salts of the bile acids, both con- 
jugated and unconjugated, depends entirely upon the prevailing 
relative atmospheric humidity.’ Dr. Cortese states (personal 
communication) that the amount of water bound under ordinary 
atmospheric conditions varies from about 3 to 9 per cent, but the 


' The sample of taurocholate had been found to be of satisfactory purity 
by Dr. Frank Cortese to whom we are indebted for much helpful advice 
concerning the purity and properties of bile salts and for specimens of 
synthetic taurodesoxycholate and glycodesoxycholate. 
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range is usually less. Hence a correction of 6 per cent was made 
in weighing out all the bile salts except cholate which was studied 
before we had obtained the above information. The concentra- 
tions of cholate in Fig. 2 are reduced by 6 per cent from the 
weighed amounts. 
In the studies of desoxycholate, cholate, and taurocholate no 
preservative was employed. Occasional samples of serum became 
cloudy, but this did not appear to have any effect on the result. 
In several instances where one of duplicate samples was cloudy 
and the other remained clear good agreement was obtained. It 
was found during the course of the work that sodium ethyl mer- 
curi thiosalicylate had little, if any, influence on the esterification, 


S 
= 
2 
CONCENTRATION mM 
per 100cc. 


hic. 3. The effect of taurocholate plotted as in Fig. | 


so the samples of serum used in the investigation of tauro- and 
glycodesoxycholates were treated with 0.1 cc. of a 1 per cent solu- 
tion of this preservative per 10 ce. of serum. No further evidence 
of infection was noted. 

Duplicate samples were incubated and analyzed separately for 
each concentration of bile salt and specimen of serum studied. 
Control determinations were usually made in triplicate. Three 
or four experiments were carried out with each bile salt and species 
of serum except taurocholate with which only two specimens of 
human serum were studied over the whole range of concentra- 
tions. However, in the course of other investigations nfany 
samples of human and dog serum have been incubated with the 
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larger concentrations (1.29 and 0.77 m™_ per 100 cc.) of tauro- 
cholate with the same result shown in Fig. 3; 7.e., complete in- 
hibition of any change in human serum and complete or nearly 
complete hydrolysis of cholesterol esters in dog serum. 

The ratios of combined to free cholesterol plotted in Figs. 
1 to 5 are average values. They represent approximately 1300 
cholesterol determinations, 


DISCUSSION 


With one exception the experiments carried out with each bile 
salt and species of serum gave qualitatively quite consistent re- 
sults. There was a fairly large quantitative difference in some 
instances because of variation in the amount of esterification in 
control samples (without bile salt), but the response was the same 
relatively for each concentration of bile salt; 7.e., if an appreciable 
deviation from the control ratio occurred in one experiment with 
a certain concentration of one of the bile salts, a deviation in the 
same direction was usually found in all experiments on the same 
species of serum with the same concentration. The exception was 
in the study of taurodesoxycholate and dog serum. In two of 
four experiments there was no evidence of splitting of cholesterol 
esters with any concentration studied, while in the other two some 
hydrolysis occurred with the largest amounts. 

In the smaller concentrations all of the bile salts studied (in- 
cluding glycocholate (2) but with the possible exception of 
taurocholate) had essentially the same effect on both human and 
dog sera. They inhibited the esterification of free cholesterol 
increasingly as the amount was increased until at a concentration 
of about 0.4 to 0.5 mm per 100 cc. the inhibition was complete. 
This point was reached at the lowest concentration (about 0.27 
mM) with dog serum and taurocholate and at the highest level 
(about 0.57 mm) with human serum and the same bile salt. 

With amounts above the concentration at which complete in- 
hibition first occurred, all of the bile salts gave the same result 
with human serum; no significant change in the cholesterol pro- 
portion in either direction occurred. 

The bile salts differed only in their effects on dog serum. In 
concentrations above approximately 0.27 mm taurocholate pro- 
moted hydrolysis of cholestrol esters, which was complete at a 
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concentration of approximately 0.45 mm per 100 ec. The re- 
sult is essentially the same as that obtained with glycocholate 
(2) but taurocholate appears to have a more marked influence. 
Complete splitting was first observed at a concentration of ap- 
proximately 0.75 mm of glycocholate per 100 ec. The remaining 
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hic. 4. The effect of taurodesoxycholate plotted as in Fig. 1. Human 
and dog sera gave the same average control ratio of combined to free 
cholesterol. 


four bile salts gave a quite different result. Two (desoxycholate 
and glycodesoxycholate) did not cause splitting of cholesterol 
esters In any concentration studied; 7.e., they gave the same result 
on dog as on human serum. There was some hydrolysis of esters 
with cholate in the largest concentrations. Qualitatively the 
effect was the same as that given by glyco- and taurocholates but 
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quantitatively it was much less. The same appears to be true 
of taurodesoxycholate, but the finding is open to some question 


since 1t was seen in only two of four experiments. 


It is conceivable that all of the differences observed among bile 
salts in their effects on dog serum and between human and dog 
serum may be quantitative only. With larger amounts it is 


T 


“ 
\ 
o “ 
\ Glycodesoxycholate 
- 


| | | | | 
CONCENTRATION m M 
per 100cc. 


Kic. 5. The effect of glycodesoxycholate plotted as in Fig. 1 


possible that splitting of esters may be promoted in dog serum by 
desoxycholate and glycodesoxycholate and in human serum by 
some or all of the bile salts. Some evidence (to be published later) 
indicates, however, that there is a qualitative difference, of which 
the result of this investigation is an expression, between human 
and dog serum. — 


: 
| 
i 
| 
| | 
| 
| | 
S 
| ~ 
Y 
| \ 
3 
j 
| 
4 
- 
| 
q 
, 


108 (‘holesterol Esters in Blood Serum 


As it became evident that glyeo- and taurocholates had a 
marked effect on ester hydrolysis in dog serum, while cholate and 
desoxycholate had relatively little or none, it seemed possible that 
we were dealing with a general difference between conjugated 
and unconjugated bile salts. The result with the conjugated 
desoxycholates is not in accord with this hypothesis. The only 
apparent correlation between the structure of a bile salt and its 
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CONCENTRATION m M 
per L00CC. 
Fic. 6. The effect of sodium taurocholate on the cholesterol proportion 
in monkey serum, plotted as in Fig. 1. 


effect on the cholesterol proportion is that both free and con- 
jugated cholates promote hydrolysis of cholesterol esters, while 
the desoxycholates have either no or a questionable (taurodesoxy- 
cholate) influence. The findings may be related to the physical 
properties of the bile salts but not enough data are available to 
permit an analysis of this possibility. 

The result of this investigation complicates rather than solves 
the theoretical problems discussed in the previous publication 
(2). The failure of desoxycholate to cause ester hydrolysis in 
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dog serum does, however, indicate that choleic acid formation 1s 
not responsible for the effect of glycocholate. 

We plan to extend these studies to other animal species but so 
far have had an opportunity only to investigate the effect of 
taurocholate on monkey serum®* in which, as is evident from Fig. 
6, the reaction is like human and not like dog serum. 


SUMMARY 


Varying amounts of the sodium salts of desoxycholic, cholic, 
taurocholic, glycodesoxycholic, and taurodesoxycholic acids were 
added to human and dog serum and the proportion between the 
cholesterol fractions was determined before and after incubation. 
All of the bile salts had essentially the same effect on human serum, 
inhibiting the esterification of free cholesterol increasingly with 
increasing concentration until a point was reached at which no 
change in the proportion between the cholesterol fractions oc- 
curred. With larger amounts up to the maximum studied the 
proportion remained unaltered. 

In low concentrations all the bile salts had essentially the same 
effect on dog serum, inhibiting esterification as in human serum. 
In larger concentrations marked differences among the bile salts 
were Observed. Desoxycholate and glycodesoxycholate gave the 
same result on dog as on human serum: no change in the propor- 
tion between the cholesterol fractions took place up to the maxi- 
mum amount studied. The other bile salts promoted hydrolysis 
of cholesterol esters in various degrees. ‘Taurocholate brought 
about complete splitting of esters just as did glycocholate (2). 
With the largest concentrations of cholate and taurodesoxy- 
cholate there was some hydrolysis but much less than was found 
with tauro- and glycocholates. 

The reaction of monkey serum to taurocholate was like human 
and not like dog serum. 
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? We are indebted to Dr. EF. T. Engle and Dr. H. H. Tyndale of the De- 
partment of Anatomy for supplying the monkey blood. 
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THE EFFECT OF PROLONGED LOW PROTEIN DIET 
ON THE SERUM LIPIDS OF DOGS 


By IRVINE H. PAGE, LEE E. FARR, ann A. A. WEECH 
(From the Hospital of The Rockefeller Institute for Medical Research, and the 


Department of Diseases of Children, College of Physicians and 
Surgeons, Columbia University, New York) 


(Received for publication, July 23, 1937) 


In the nephrotic type of Bright’s disease two of the outstanding 
phenomena are the increase in plasma lipid concentration and the 
decrease in plasma proteins. There is also as a rule a marked 
loss of tissue protein, so that if edema disappears, the muscles 
are seen to be wasted; there is a state of general protein malnu- 
trition. ‘The question naturally arises whether the hyperlipemia 
is induced by the protein malnutrition. 

Against such an origin of the hyperlipemia are the quantitative 
results of Page, Kirk, and Van Slyke (6), who found ‘‘no paral- 
lelism in severity between lipemia and plasma protein deficit, 
although both accompany the nephrotic syndrome.’ These 
findings have been confirmed by more extensive studies of Page 
and Farr (5). Furthermore, in subjects without renal disease, 
but suffering from hypoproteinemia due to protein malnutrition, 
the plasma lipid content has been found to be low rather than 
high (Feigl (1), Rosenthal and Patrzek (7), Man and Gildea (3)). 

It appears that the sources of pathological variations in plasma 
lipids may remain obscure until the effects of different nutritional 
factors on lipemia have been ascertained under experimentally 
controlled conditions. As a step towards obtaining information 
on the nutritional factors, the present work was undertaken. 
The behavior of the plasma lipids in normal dogs has been studied 
over long periods under conditions of normal protein intake, and 
of protein intakes reduced so low that marked hypoproteinemia 
and gross edema resulted. The intakes of total calories, vita- 
mins, and minerals, and other physiological factors, except pro- 
tein intake, were kept as constant as possible. 
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Methods of Analysis 


~ The total lipids, total cholesterol, and lipoid phosphorus in the 
heparinized plasma were determined by the gasometriec methods 
of Kirk, Page, and Van Slyke (4). 

Fractionation of the serum protein was accomplished by Howe’s 
(2) method. Nitrogen was measured as ammonia after micro- 
Kjeldahl digestion; the ammonia was distilled in steam into N/70 
hydrochloric acid and titrated back with N/70 sodium hydroxide. 


Serum albumin was calculated as 6.25 times the difference be- 
tween nitrogen in the globulin-free filtrate and non-protein 
nitrogen. 


Diet and Notes on Conditions of Animals 


Diet—The composition of the low protein diet has been de- 
scribed previously (8). 100 gm. furnish 134 calories distributed 
as follows: protein 3.5, fat 53.0, carbohydrate 77.5 calories. The 
diet is offered at an approximate level of 75 calories per kilo of 
body weight. Dogs maintained on the diet are in negative 
nitrogen balance, show a progressive loss of albumin from the 
serum, and finally develop edema (8, 9). When the diet is sup- 
plemented by the addition of casein it has proved satisfactory for : 
maintenance of health. The adequacy of the diet from the stand- 


q point of vitamins has been discussed in another place (10). 

a Animals—Five dogs were studied during the development of 

a hypoproteinemia and edema. Brief protocols of these animals 

4 follow. 
| 
4 Dog 4-87--A female police dog, aged 3 years, was started on the low 

4 protein diet supplemented by an adequate amount of casein on October 19, 

a 1934. On November 5 the serum albumin level was 3.39 gm. per cent and 

u the body weight was 17.1 kilos; at this time casein was removed from the 

q diet and the period of protein deprivation begun. The appetite was excel- 

4 lent and there were no refusals of food until December 18. Subsequent 

aq anorexia was mild; refusals, amounting to more than half of the food 

: offered, were not observed until 3 days before death. On February 21, | 
i 1935, the dog was still alert but had developed diarrhea. On the following 

a morning it was found dead. Autopsy disclosed the presence of peritonitis. 

j There were 4300 ec. of fluid in the peritoneal cavity. 

q The lowest body weight, 15.4 kilos, was observed on December 31. 

} Subsequently (during the period covered in Table I) the weight increased 


progressively as ascites developed. On the day preceding death the weight 
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was 20.7 kilos. On January 27 subcutaneous edema first appeared; there- 
after it increased until both fore legs were moderately edematous and both 
hind legs exhibited massive edema. On February 4 samples of subcu- 
taneous edema fluid and ascitic fluid contained, respectively, 0.31 and 
0.12 gm. per cent of protein. 

Dog 5-31—A male hound, aged 3 years, was subjected to alternate periods 
of adequate feeding and protein deprivation between December 17, 1934, 
and April 15, 1935. On April 15, when it had been on an adequate diet for 
20 days, serum was taken for analysis and the low protein diet was started 
again. On May 26 edema of both ears was present and on the following day 
the legs were edematous. The edema increased until the experiment was 
discontinued on June 6. The appetite of this animal was at all times 
excellent. 

Dog 5-69—-A male police dog, aged 1 year, was given the low protein diet 
supplemented with casein on March 4, 1935. The period of protein depriva- 
tion was started when the casein was removed from the diet on April 1, 
when the dog weighed 16.2 kilos. There were no refusals of food until May 
23. After this the appetite began to fail and on June 4 the diet was reduced 
to one-half the original amount; this level of feeding was maintained 
throughout the remainder of the experiment. Edema first appeared on 
May 29 and rapidly extended to involve all four legs. There was no ascites. 
General health was satisfactory until the experiment was discontinued on 
July 10. At this time the dog weighed 11.6 kilos. 

Dog 5-70—A male police dog, aged 1.5 years, was given the casein- 
supplemented diet on March 18, 1935. The casein was removed and deple- 
tion of body protein started on April 1. At this time the serum albumin 
was 3.38 gm. per cent and the body weight was 16.7 kilos. At first the 
appetite was excellent but after May 26 there were daily refusals of a portion 
of the diet. On June 4 the diet was reduced to one-half the original allow- 
ance; this level of feeding was continued for the rest of the experiment. 
Edema appeared on May 29 and extended to involve all of the extremities. 
There was no ascites. Death occurred from inanition on July7, witha body 
weight of 9.4 kilos. 

Dog 4-83—A collie, aged 2 years, was maintained on the low protein diet 
from April 18, 1935, to July 16. The appetite and general health were good. 
This experiment was designed for other purposes and no attempt was made 
to continue the observations until edema resulted. The initial weight was 
17.3 kilos; the final weight was 13.1 kilos. 


DISCUSSION 


The data in Table I show great variations in serum lipids from 
one dog to another. In order to estimate the effects of the 
dietary changes, it is therefore necessary to compare in the case 
of each dog the lipid values observed when it was on a normal 
diet with values on the low protein diet. From such comparisons 
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the only conclusion apparently tobe drawn is that the change 
from normal to low protein diet had no consistent effect on either 
the total lipid content or the proportions of the lipids in the forms 
of cholesterol and phosphatides. 

Unfortunately control periods on a normal diet are lacking for 
Dog 4-87. The serum analyses are included, however, because 
they show progressive fall in albumin to the lowest level with . 
maximal edema formation. These progressive changes were 
unaccompanied by any significant changes in serum lipids; on 


the contrary the latter remained unusually constant. ! 
SUMMARY 
Determinations of total serum lipid, total cholesterol, and 


lipoid phosphorus, and of the albumin fraction of the serum pro- 
teins, were made over periods of several months in five dogs. 
During the observations the diet was changed from one of ade- 
quate protein content to one very low in protein. Even when the . 
low protein diet was continued so long that the serum albumin 
fell below 1.5 gm. per 100 cc. and gross edema occurred, the serum : 
4 lipids were not consistently altered, either in their total concen- 
J tration, or in the proportions of cholesterol and phosphatides in 
q the lipid mixture. 

From these results it appears improbable that protein malnu- 
trition in itself has an important direct effect on the serum lipid 
content of dogs. 
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FATTY LIVERS IN THE GOOSE PRODUCED BY 
OVERFEEDING 


By EUNICE FLOCK, JESSE L. BOLLMAN, HAROLD R. HESTER,* 
AND FRANK C. MANN 


(From the Division of Experimental Medicine, The Mayo Foundation, 
Rochester, Minnesota) 


(Received for publication, June 28, 1937) 


In 1848 Liebig (1) wrote, “When a lean goose weighing 4 pounds, 
gains, in thirty-six days, during which it has been fed with 24 
pounds of maize, 5 pounds in weight and yields 33 pounds of pure 
fat, this fat cannot have been contained in the food, ready formed, 
because maize does not contain the thousandth part of its weight 
of fat, or of any substance resembling fat.’’ He also stated that, 
when a goose with its feet tied is fattened on food destitute of 
nitrogen, its liver becomes 3 or 4 times the normal size because of 
the expansion of its cells which are filled with fat. 

In 1901, Voit and Lehmann (2) fed geese with rice and in meta- 
bolic experiments demonstrated a greater retention of carbon than 
could possibly be stored as glycogen and which must therefore 
have been converted to fat. This conversion of carbohydrate to 
fat was shown also by Bleibtreu (3) by a respiratory quotient of 
1.33 in a goose which was stuffed with grain. Large fatty livers 
have been produced in geese, commercially, for many years by 
stuffing the birds with carbohydrate. It was thought that studies 
of the content and the type of fat might throw some light on a very 
fundamental process in fat metabolism. 

Studies have now been carried out on thirty-five geese over the 
period from October 21, 1936, to March 18, 1937. Fatty livers 
have been produced in some of the birds by stuffing them with a 
high carbohydrate diet, in others, spontaneously. The fatty 
livers have been compared with normal livers as regards total 
fatty acids, cholesterol, glycogen, and water. Some information 
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concerning the type of fat has been secured by determination of 
iodine numbers and by fractionation of the fatty acids. In 
many cases simultaneous studies were made concerning the type 
of depot fat. The quantity of neutral fat in the blood was also 
determined at intervals. 


Methods 


Total Fatty Acids— From 2 to 4 gm. samples were saponified, 
acidified, and extracted successively with ethyl ether and petro- 
leum ether, which was then evaporated. The value for total 
fatty acids was obtained by weighing. Duplicate or triplicate 
determinations were carried out in every case. The fatty acids 
were dissolved in 95 per cent alcohol, made up to a volume of 50 
or 100 cc., and aliquots were used for determinations of cholesterol, 
iodine number, and for fractionation. Because of the relatively 
large amount of fat present, the amount of cholesterol and other 
unsaponifiable substances included in this determination was not 
of sufficient magnitude to make significant differences if the cor- 
rection for this fraction were applied. 

Total Cholesterol—The alcohol was evaporated, the residue taken 
up in chloroform, and the cholesterol determined by the method 
of Liebermann and Burchard as given by Bloor (4). 

Iodine Numbers—TVhe modified Rosenmund-Kuhnhenn method 
described by Yasuda (5) was used following evaporation of the 
alcohol. Hydroquinone was used as an antioxidant and the final 
traces of alcohol were removed by a current of nitrogen. Duplicate 
determinations were carried out on each of two samples of the 
original tissue. Correction was made for the iodine absorbed by 
the cholesterol present. 

Lead Soap Fractionation (Modified Mitchell Procedure) (6,7)— 
To 25 ec. aliquots of the alcoholic solution of the fatty acids, 
which was heated, 500 mg. of lead acetate, PbAcs, dissolved in 10 
ec. of 95 per cent alcohol were added. This was allowed to cool 
slowly and to stand overnight at a temperature between 15-20°. 
It was then centrifuged and the supernatant liquid was decanted. 
The solid soaps were dissolved by heating with 10 ce. of alcohol 
and a drop of glacial acetic acid. 3 hours standing at the usual 
temperature were allowed for reprecipitation. After centrifuging, 
the supernatant liquid was decanted and combined with the 
other liquid fatty acids. No attempt was made to separate a 
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solid unsaturated fraction, but the degree of separation can be 
judged by the iodine numbers obtained. The solid soaps were 
transferred to separatory funnels, acidified with hydrochloric 
acid, and extracted with ethyl ether. The ether was evaporated 
and the fatty acids were weighed. The liquid fatty acids were 
obtained in a similar manner following evaporation of the al- 
cohol. The percentage of solid and liquid fatty acids was eal- 
culated from the sum of the two obtained at the end of this 
procedure. Both were dissolved in alcohol and the iodine num- 
bers determined on aliquots. 

Glycogen was determined by a modified Pfliger procedure and 
water by drying to constant weight at 90°. The neutral fat of 
the blood serum was determined by the volumetric method of 
Allen (8) which ineludes free cholesterol and cholesterol esters. 
In our series the changes observed were almost entirely due to in- 
creased amounts of neutral fat in the serum. 


Results 


Group I-~Three normal geese, unconfined, were allowed to eat 
at will from October 21 to November 23 from a diet formula used 
commercially for fattening geese and containing the following 
proportions of ingredients: 42 per cent wheat, 44 per cent corn, 
14 per cent oats, and 0.2 per cent salt. These birds showed only 
a relatively small gain in weight. The quantities of glycogen 
stored in the liver were very large. The total fatty acids found 
in the liver varied from 3.9 to 5.9 per cent (Table 1). 


(Group II-—¥Kleven geese, which also had complete freedom 


action, were stuffed during the same time of the year with the 
same diet at intervals of 4 hours, from 8.00 a.m. to 12.00 midnight. 
Although they showed gains in weight varying from 5.7 to 48 
per cent and large quantities of depot fat were laid down, the fatty 
acid content of the livers showed only a moderate increase and 
there was no appreciable increase in the size of the liver as shown 
by the normal ratio of liver weight to body weight; the partition 
of fat in the liver was similar to that found in the birds allowed to 
eat at will. The values for glycogen were lower than for the three 
birds that ate at will, but the values for water were similar. 
Group IIIT—-In an attempt to produce very fatty large livers a 
group of fifteen geese were stuffed more vigorously with a high 


; 
| 
ft 
| 
| 
if 
f 
Bh 
| 
| 
Mis 
ag 
a 


é 


: 


120 Fatty Livers in Goose 


carbohydrate diet during the interval from December 17, 1936, 
to February 11, 1937. The diet used consisted of the following 
proportions of ingredients: 15 per cent white flour, 76 per cent 
corn-meal, and 9 per cent corn syrup, mixed and made into 
biseuits of about 1.5 cm. in diameter and weighing approxi- 
mately 40 gm. These biscuits were administered in suffi- 
cient numbers (three to five) to fill the gullet seven times 
every 24 hours, at 3 hour intervals during the day and at 4 hour 
intervals during the night. It was found desirable to begin the 
stuffing process gradually to avoid gastrointestinal upsets. In 


TABLE I 


Analyses of Livers of Geese Following Voluntary Feeding (October 21 to 
November 30, 1936) 


| Body weight | | 
Liver weight | | Total fatt 
Goose No | | Gain | Body weight | Water | Glycogen | mms y 

| gm | per cent percent _—s_ sper cent | per cent 


Partition of Liver Fat 


| Cholesterol 


Liver No. fatty acids |lodine a4 fatty acids | Iodine No. fatty acids 


| per cent | per cent | mg. 
% | 39 
* Gander. 


addition to being given this great excess of food, the geese were 
confined in very small cages to eliminate as much as possible the 
effect of exercise. 

Under these vigorous conditions it was possible, in most cases, 
to produce very fatty and large livers (Table II, A and II, B). 
The gains in weight in this group were 2.5 to 28.9 per cent, but it 
must also be noted that these birds were greater in weight at the 
beginning of the feeding experiment than those of Groups I and 
II. Fatty acids as high as 55 per cent were obtained, with marked 
increases in the ratio of liver weight to body weight and a marked 
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reduction in water content of the liver. The values for glycogen 
were variable. Two of the geese were given one biscuit at each 
feeding period, with resulting liver fats of 16.8 and 15.2 per cent, 
respectively, in an attempt to get some controls differing only in 
the quantity of food administered. However, even these re- 
ceived more than their basal requirement. Another goose was 
therefore given only half a biscuit at each of the regular feeding 
periods. The fatty acids of the liver were the lowest in the group 
and the iodine number was markedly different from the others. 
Large quantities of depot fat were found in these birds. 

One bird from each of these three groups was used for deter- 
minations of the total body fat (minus liver fat). The entire 
bird with the exception of its feathers and liver was thoroughly 
ground and mixed and aliquots were used for fat analyses. The 
normal goose, with liver fatty acids of 3.9 per cent, had body 
fatty acids of 17.7 per cent. The goose stuffed mildly, which had 
liver fatty acids of 6.9 per cent, had body fatty acids of 37 per 
cent, as did the vigorously stuffed goose with liver fatty acids of 
50 per cent (Table IIT). It would appear in the conversion of 


carbohydrate to fat in the goose that much fat is stored in the 


depots before a marked increase in size and fat content occurs in 
the liver. 

Group IV— Six unconfined geese ate at will from December 7, 
1936, to March 18, 1937, of a mixed diet of 25 per cent shelled 
corn, 50 per cent wheat, and 25 per cent oats. It had been 
planned that some of these geese were to be used as additional 
controls without stuffing and the others for short stuffing experi- 
ments. But as the first two geese that were killed showed, spon- 
taneously, very fatty livers on this diet and regimen, the remain- 
ing four were also killed without stuffing. Two of these also 
showed extremely fatty livers (Table IV). These fatty livers 
occurred in spite of very small gains in weight. Some extremely 
high blood fats were obtained. Lawrence and Riddle (9), Riddle 
and Harris (10), and Warner and Edmond (11), in 1918 showed 
that the blood fats in laying hens were higher than in non-laying 
hens, which in turn were somewhat higher than in male birds. 
It is therefore of interest to note that in this group of geese, one, 
a gander, showed a 20 per cent loss of weight and a normal blood 
and liver fat. The other five were females, and four of them had 
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very fatty livers (24.6 to 35.4 per cent); even the liver of the 
fifth goose was above normal (11.2 per cent). Some of the sam- 
ples of blood from three of these geese showed abnormally high 
neutral fats. In addition, eggs, generally 1 em. or less in diam- 
eter, were found in all five female birds. In one there was one 
egg about 4 em. in diameter and the oviduct had begun to enlarge. 


II, A 


Partition of Liver Fat of Goose Stuffed Day and Night (December 17, 1936, to 
February 11, 1937) 


= te | = omg = = © 
| 
| per per per per | per 
gm. mig 
cent cent cent cent cent cent cent 


15 7 6,720 20.4 4.90 32.9 10.00.78 55.0 87 56 
16 5 6,840 24.6 6.5530.811.41.0450.0 67 80 56 
17 10 7,370, 27.8) 5.63.37. $12.01.4748.9 65 75 : 
18 9 10,000 18.3 4.2240.7 9.60.2442.2 66 79 34 3 632 52 
54 
56 
55 
54 


= 


19 16 7,540 18.9. 42.1 68 76 32 1176 
20 5 7,170 28.9 4.8236.214.71.2740.7 68 84 32 2 480 
21 8 6,420 22.9 4.4444.413.43.3237.5 61 8 39 4 
22 8 6,750 15.9 2.9653.617.60.1025.0 51 84 49 3 
23. 15 7,590 84 1.9550.117.50.5622.2 74 72 2 4 
24* 15 7,250 14.8 2.7558.715.19.2716.8 63 78 37 
25* 15 9,700 15.6 2.0160.721.24.3015.2 68 91 32 6 592 58 
26 7,720 6.1, 1.85 54.620.13.6815.1 67 79 5 
27 15 5,320 2.5 1.9356.615.46.5613.7 70 72. 4 
4 
4 


28 16 6,870 21.2 2 5060.815.89.3013.0 66 
16 5,955 3.4 2.2661.516.28.54 6.8 74 


Oo 


* Given one biscuit only ak pe feeding. 
+ Given one-half biscuit only at each feeding. 


Thus a seasonal factor appears, and these fatty livers, as well as 
the extremely high blood fats, are probably related to sexual ac- 
tivity. It is interesting to note that in spite of the very high fat 
content, the ratio of liver weight to body weight has not exceeded 
the normal range, this being a striking exception to the usual in- 
creased size of the liver associated with an increased fat content. 

To determine the effect of this excessive deposition of fat froma 
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high carbohydrate diet on the quality of goose fat, determinations 
were made of iodine numbers and cholesterol. In addition, the 
percentages of liquid and solid fatty acids were determined as well 
as the iodine numbers of these individual fractions. 

In the fatty livers produced by feeding, the fat appears to be 
more saturated than normal, as shown in the low iodine numbers, 
and there is very little variation in these low values whether the 


[I, B 
Partition of Depot Fat of Vigorously Stuffed Geese 


No. ! Iodine No. of | Solid fatty Mo. 


of liver | oe t fat | 
percent | per cent 

15 77 | 75 23 16 
ok 74 95 26 19 

16 56 80 28 19 
72 91 28 is 

17 53 M. 70 74 86 26 6 
18 52 sae 74 76 : 26 5 
| ee 74 88 | 26 5 

20 6 M. 67 77 a 5 
21 55 ‘+ 64 74 84 | 26 9 
2: 52 “ 61 76 78 24 6 
24 58 “66 7 82 26 4 
S. 65 75 &3 25 5 

26 60 M. 74 78 86 22 9 
79 85 21 10 

27 59 M. 61 78 73 22 5 
Ss. 69 76 SI 24 5 

28 55 M. 67 73 79 27 10 
29 74 iliee 82 77 18 18 
s 78 80 99 20 19 


M. = fat; = mie fat. 


fatty acid content is 15 or 50 per cent. There is some overlapping 
in the unsaturated and saturated fatty acid fractions, as shown by 
the iodine numbers of the solid fatty acid fraction. However, 
regardless of the fat content of the liver, approximately two- 
thirds of the fatty acids are liquid. The decrease in the iodine 
number of the total fatty acids, instead of being due to a decrease 
in the ratio of liquid to solid fatty acids, is due to a decrease in the 
iodine numbers of the liquid fatty acids. In the spontaneously 
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TABLE III 
Analyses of Fat of Body Exclusive of Liver 
Goose Liver ‘Body fat Liquid Todine Solid | Choles- Body 


fatty fatty | 
| | | | | _ acids © 
per cent | per cent | per cent percent) mg. | per cent 


I2t | 6.3 | 37.0 | 80 70 407 
33 | 3.9 | 17.7 | | 
+r * Vigorously stuffed bird. 
+t Moderately stuffed bird. 
+ t Normal bird. 


TaBLeE IV 
Blood Fats Associated with Spontaneous Fatty Livers 
Neutral fat in Total fatty acids 
Goose No. Date serum in liver 


4 | | Mar., 1937 omg. per 100 cc. per cent 
j 
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| 

+. | 10 6422 | 
17 9 OO a.m. 8777 
1.00 p.m. 6607 i 
500 575) 
900 4861 

ee Ls 9 00 a.m. 3982 35.4 
31 3 2242 33.0 
3 334 28.9 

33 3 1770 

‘ 

9 523 

17 9 00 a.m. 1260 | 
1.00 p.m. 880 | 
Pag 
a 5.00 666 | 
900 450 
Ve | Is 9 00 a.m. 412 24.6 

34 3 455 
| 244 
374 11 2 
35 | 3 259 

= 253 

10 469 | 3.7 
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produced fatty livers, the iodine numbers were not as low as those 
produced by stuffing (Table V). The iodine number of the liver 


of the gander in this group was much higher and most of the fatty” 


TABLE V 


Livers of Geese That Developed Fatty Livers Spontaneously during Voluntary 
Feeding (December 2 1936, to March 18, 1987) — 


Bods y weight 


| Liver weight | | Total 
| oe cent | per cent | per | | per cent 
64186 | 2.30 45.6 Ss 33.0 
32 | 4865 | 1.4 1.84 49.3 17.1 3.7 28.9 
33. | «5630 | 67.9 | 1.99 49.8 11.5 4.7 | 24.6 
340 | «5170 4.4 1.91 | 61.0 9.8 12.2 11.2 
35* , 3948 | 20.6 1.22 | 67.2 | 16.8 | 9.8 3.7 
Partition of Liver Fat 
Goose No. Iodine No. | Iodine No. | Cholesterol of total, fatty 
acids 
oo 77 | 8O | 23 5 350 | 67 
ee 64 | 86 36 6 156 63 
32 59 | 87 41 | 4 | 64 
33 74 74 26 4 972 | 65 
34 68 92 32 | 5 345 66 
Partition of Depot Fat 
Goose No. | et | Liquid f fatty c Iodine No. | Solid a ey | Iodine No. 
| sper cent | | per cent 
S. 71 74 89 | 26 6 
32 M. | 77 81 23 6 
S. 80 | 77 97 | 23 10 
33 M.75 | 82 83 18 11 
34 76 89 24 8 


M. = mesenteric fat; S. = subcutaneous fat. 
* Gander. 
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acids appeared to be liquid. ‘This latter observation needs to be 
checked on more birds. There are wide variations in cholesterol 
in the different livers, but these were not associated with definite 
changes in fat content. 

Comparisons have also been made of liver fat and depot fat. 
Mesenteric fat and subcutaneous fat from the neck were used. 
Unfortunately, depot fat was not analyzed in the first two groups 
of geese, so we can say very little about normal conditions in this 
regard. However, in the fatty livers produced by stuffing, the 
iodine numbers of the liver fat were distinctly lower in practically 
all eases than those of the depot fat. Moreover, there was a 
higher percentage of liquid fatty acids in the depot fat than in 
the liver. Either the fat in the liver is actually made there from 
the carbohydrate ingested; or, if it is fat mobilized from the de- 
pots, the liver is actively involved in saturating it. There is a 
distinct but smaller difference between the iodine numbers of the 
liver and depot fats in the geese in which fatty livers developed 
spontaneously. The gander with a normal fat content of the 
liver did have fat with a higher iodine number in the liver than in 
the depots, and Goose 29 in Group III, which had a fatty acid 
content in the liver of only 6.8 per cent, showed very little 
difference between liver and depot fat as regards iodine number. 
It is, therefore, probable that, in geese, the iodine numbers of 
liver fat are lower than depot fat only when the livers are 
unusually fatty. 

Although depot fat was not studied directly in Groups I and 
II of geese, studies on fats from the whole goose showed that, 
when large quantities of fat were deposited in the goose from a 
high carbohydrate diet, the body fat was definitely more saturated 
than normal. It is interesting that, under these conditions, the 
fat in the liver deviates further from the normal than does the 
depot fat. 


Blood Fats 


Studies of blood fats were carried out from time to time during 
these various feeding experiments. In some cases the blood fats 
appeared to increase as the livers became fatty, but such increases 
were inconstant and were seldom 50 per cent above that found 
in the birds with normal! livers. 
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Much more striking were the blood fats found in the geese 
which developed fatty livers spontaneously. In some of these the 
blood serum was very milky in appearance and the percentages 
of neutral fats at times were 2, 4, 6, and even 8. That this is 
related to ovulation already has been commented on. The ex- 
tremely high fats are not a constant finding. There is a very 
large fluctuation from day to day and a definite decrease following 
the removal of food from the pen. More extensive studies are 
being carried out on blood fats during the ovulation period. 


Comment 


The extremely fatty livers in geese produced by forced feeding 
are comparable to those reported by Shen (12, 13) in his studies of 
the metabolism of the duck. Values which he reported for liver 
fat in two ducks recalculated as percentage of liver are 65.4 and 
26.5. 

The fat formed in the goose in such large quantities from carbo- 
hydrate is definitely more saturated than normal. This is in 
agreement with the work of Ellis and Hankins (14) which showed 
the production of hard pork from carbohydrate. Also, in 1902, 
Rosenfeld (15) found that geese fed on potatoes yielded a fat with 
considerably higher melting point than usual, and he concluded 
that fat synthesized from carbohydrate is rich in the glycerides 
of the saturated fatty acids. 

The increased saturation of the fat is not due to a shift in the 
relative distribution of liquid and solid fatty acids. Approxi- 
mately two-thirds of the liver fatty acids and three-fourths of 
those in the depot fat were liquid regardless of the total amount 


of fat. Thus the organism can manufacture large quantities of. 


both saturated and unsaturated fatty acids from carbohydrate, 
but it apparently has difficulty in keeping up the usual proportion 
of the more highly unsaturated fatty acids, as shown by the lower 
iodine numbers of the liquid fatty acids. 

Analyses in the literature include those of Lebedeff (16), in 
1881, of goose liver with 61.3 per cent oleic and 32.0 per cent 
palmitic and stearic acids, and of mesenteric fat with 68.7 per 
cent oleic and 21.2 per cent of the solid acids. Amberger and 
Bromig (17) in 1921 found 84 per cent liquid and 16 per cent solid 
fatty acids in goose fat, while Grossfeld (18) in 1933 found 27.83 


ee 
ae 
x? 

i 

sf 

; 

: 

i} 

st 

: 

; 

od 

“48 

i 

hic 

| 

2 

7 

; 

ath 
we 
iF 
ar: 

| 
i 
= 


26 


128 Fatty Livers in Goose 


per cent solid fatty acids. Brown and Shelden (19) reported 
iodine numbers for five specimens of goose fat ranging from 78.4 
to 84.5. 

Of particular interest is the fact that the liver fat produced 
from carbohydrate is more saturated than depot fat. Under nor- 
mal conditions, Hartley (20) and Leathes and many others 
(21-23) have shown that the liver fat is much more unsaturated 
than is the depot fat. According to the work of Lebedeff (24) 
and others (25), under conditions involving the mobilization of 
depot fat to the liver, the fat of this organ tends to approach the 
degree of saturation of depot fat. Two opposing theories which 
have been presented previously concerning the rdle of the liver 
in fat metabolism are, first, that this organ desaturates the fatty 
acids (13) and, second, that it selects the more unsaturated fatty 
acids from the blood passing through it (26). To explain the 
greater degree of saturation found in the liver fat in our experi- 
ments, one must assume either that the liver can manufacture 
fat from carbohydrate directly, and in so doing makes a different 
product than that of the depots, or that it makes the fat over that 
comes in from the depots by the process of saturation. 

In spontaneous fatty livers, the degree of saturation of the 
fatty acids was intermediate between that for normal geese and 
that for vigorously stuffed geese. The extremely high blood fats 
found in these birds would suggest that the fatty livers were 
produced by mobilization of fat. However, although the egg 
yolks formed at this time had fatty acids with iodine numbers 
identical with depot fat, those in the liver were lower. The 
liver, therefore, must either be selecting the more saturated fatty 
acids or else saturating the ones it takes in. 


SUMMARY 


Very large and fatty livers and a greatly increased amount of 
depot fat may be produced in the goose by foreed feeding of a 
high carbohydrate diet. 

This fat is definitely more saturated than normal, the liver fat 
being even more saturated than the depot fat. The increased 
saturation is not due to a shift in the usual proportions of liquid 
and solid fatty acids. 

Fatty livers may develop spontaneously in geese when the 
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marked increase in blood fats associated with the egg-laying sea- 
son occurs. Though very fatty, these livers remain approximately 
normal in size. The iodine numbers of the fatty acids in the liver 
were lower than those of the depot fat, but the difference in sat- 
uration was not as marked as in the vigorously stuffed birds. 
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PHOSPHORYLATION OF MONOACETONE ADENOSINE 
AND OF DIACETYL ADENOSINE 


By P. A. LEVENE anno R. STUART TIPSON 


(From the Laboratories of The Rockefeller Institute for Medical Research, 
New York) 


(Received for publication, July 7, 1937) 


‘The substances to be described in the present communication 
have been prepared in the course of work aiming at the partial 
synthesis of ‘‘muscle” adenylic acid starting from adenosine. 
Since no difficulty had been encountered in the partial synthesis 
of inosinic acid (hypoxanthine 5-phosphoribofuranoside) from 
inosine,’ the task of synthesis of the corresponding adenylic acid 
centered on the preparation of some adenosine derivative having 
the amino group of the adenine residue and the hydroxyl groups 
in positions (2) and (3) of the ribose residue temporarily blocked, 
so that a phosphoryl group might be introduced into position (5) 
of the sugar (it having been shown previously? that the hydroxy] 
group at position (4) is engaged by the oxygen ring). 

Considerable difficulty was, however, encountered in the 
preparation of such a substance. Theoretically it should be 
readily preparable-by several procedures. Thus, 5-trityl triacety] 
adenosine or 5-trityl tribenzoyl adenosine might be expected, on 
treatment with very weak acids, to lose only the trityl group 
leading to a substance of the desired type. Actually, simultane- 
ously with the scission of the trityl group from the terminal 
hydroxyl, the acetyl or benzoyl group attached to the amino 
group is removed. However, only the trityl group is split from 
tritosyl trityl adenosine, giving tritosyl adenosine. 

At this stage it seemed feasible to restore the acetyl group to 
the nitrogen atom by treatment with ketene. We were unable 
to acetylate the amino group of diacetyl adenosine with this 


‘Levene, P. A., and Tipson, R. S., J. Biol. Chem., 111, 313 (1935). 
? Levene, P. A., and Tipson, R. 8., J. Biol. Chem., 94, 809 (1931-32). 
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reagent. Similarly, treatment of monoacetone adenosine with 
dibenzoy! disulfide in ethanol (even during 3 hours at the boiling 
point) failed to benzoylate the free amino group, a quantitative : 
yield of unchanged starting material being recovered. ‘Thus the 
amino group of adenosine apparently displays properties more 
suggestive of an acid amide than of an amine. 

It seemed possible to take advantage of this property of the 
amino group in adenosine for the preparation of muscle adenylic | 
acid, since the diphospho-adenosine which should result from the | 
phosphorylation of adenosine substituted in positions (2) and (3) 


of the ribose residue should lose that phosphoryl group attached | 
to the nitrogen atom more readily than that at position (5) of the 
sugar. In a certain sense this expectation was realized. Both ; 
diphospho-adenosine and adenylic acid have been prepared— 
neither, however, in absolutely pure form. When more starting ! 


material becomes available, final purification of both substances | 
should offer no special difficulties. Incidentally, the properties 
of the synthetic diphospho-adenosine may serve to test the 
validity of the existing theories of the structure of the natural 
diphospho- and triphospho-adenosines. 

Experiments are now in progress aiming at the preparation 
of triacetyl adenosine by cleavage of 5-trityl triacetyl adenosine 
through catalytic hydrogenation. Attention is also being directed 
to the synthesis of adenylic acid by a method hitherto not em- 
ployed for the preparation of the phosphoric esters of sugars. 

It must be mentioned that all the derivatives of adenosine used 
in the course of the present investigation were previously unknown, 
so that it was necessary to establish their structure. 

Structure of Diacetyl Adenosine—Crystalline monotrityl adeno- 
sine was prepared by condensing adenosine with triphenylmethyl : 
chloride in the presence of dry pyridine. By analogy with mono- 
trityl uridine, which has been shown’ to be the 5-trityl ether, it | 
seemed probable that monotrityl adenosine also has the substit- 
uent in the terminal position of the sugar chain. Convincing 
evidence to this effect was lacking, however, particularly in view 
of the fact that a ditrityl adenosine is readily obtainable. 

Treatment of monotrityl adenosine with p-toluene sulfonyl y 


if ’ Levene, P. A., and Tipson, R. 8., J. Biol. Chem., 106, 419 (1934). a 
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chloride in dry pyridine gave a tritosyl trityl adenosine, from which 
the trityl] group was hydrolyzed by means of boiling 80 per cent 
aqueous acetic acid to give a crystalline tritosyl adenosine. Since 
the tosyl residues in this compound were not replaced by iodine 
on treatment with sodium iodide in acetone (during 2 hours at 
100°) it follows that there was no tosyl group at position (5). 
Monotrityl adenosine is therefore the 5-trityl ether. 


| 
H-C— CH H-Cc— — 
| | | | 
H-C-OH | H-C-OH H-C-OCOCHs | 
| O O | O 
H-C-OH H-C-OH H-C-OCOCHs, | 
| | 
CH,O-C—- C,H, CH.0-C— 
\ 
CH, C,H; 
5-Trityl adenosine Ditrityl adenosine Diacetyl ditrityl 
| ff adenosine 
| 
| | 
H-C— 
| | 
H-C-O-SO,-C;H; H-C-OCOCHs 
| O | O 
| H-C-OCOCHs | 
| 
| | 
} 
| 
CH,OH CH,OH 
Tritosy! adenosine 2, 3-Diacety! 
adenosine 


The structure of the ditrityl adenosine (formed simultaneously 
with monotrityl adenosine) was established in the following 
manner. The substance was acetylated to give diacetyl ditrityl 
adenosine. Hydrolysis of this compound by means of. boiling 
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80 per cent aqueous acetic acid gave the same diacetyl adenosine 
(having a free amino group) as was obtained by hydrolysis of 
N-acetyl 2 ,3-diacetyl 5-trityl adenosine under the same conditions. 
It follows that the diacetate is 2,3-diacetyl adenosine and that 
the ditrityl adenosine is N-trityl 5-trityl adenine-ribofuranoside. 

This formulation was confirmed by treatment of the diacetyl 
adenosine with p-toluene sulfonyl chloride, giving a_ ditosyl 
diacetyl adenosine in which only one tosyl group was substituted 
by iodine on treatment with sodium iodide. 

Similarly, the dibenzoate obtained by hydrolysis of N-benzoyl 
2,3-dibenzoyl 5-trityl adenosine has the structure of 2,3-dibenzoyl 


adenosine. 


EXPERIMENTAL 


Action of Triphenylmethyl Chloride on. Adenosine—Attempts 
were made to prepare monotrityl adenosine by the method 
described by Bredereck,‘ but the yield of pure monotrityl ether 
amounted to only 36 per cent of the theoretical. Bredereck 
reported a yield of only about 31 per cent. We isolated much 
material having the properties of a ditrityl adenosine. 

Recourse was therefore had to the method successfully used 
for the preparation of monotrityl thymidine,’ the yield of mono- 
trityl adenosine being increased to about 50 per cent of the 
theoretical. 

It was observed that adenosine, carefully purified by recrystal- 
lization from water as previously described,’ usually contained 
a small amount of impurity insoluble in boiling pyridine. It was 
therefore further purified as follows: 

10 gm. of finely powdered adenosine (recrystallized from 
water and then dried in the vacuum oven at 110° during 48 hours) 
were suspended in 250 ec. of dry pyridine and the mixture boiled, 
under a reflux condenser closed by a caleium chloride tube, until 
most of the adenosine had dissolved. 

The undissolved material was then filtered off and the filtrate 
evaporated to dryness under diminished pressure, giving a crystal- 
line mass which was stirred with a little absolute methanol, and 
the mixture filtered. The product was washed with dry ether 


‘ Bredereck, H., Z. physiol. Chem., 223, 61 (1934). 
* Levene, P. A., and Tipson, R.8., J. Biol. Chem., 109, 623 (1935). 
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until free from pyridine and again dried in a vacuum oven at 
110° during 48 hours. | 

10 gm. of dry, finely powdered adenosine (purified as above) 
were suspended in 300 ce. of dry pyridine and the mixture boiled, 
under a reflux condenser closed by a caleium chloride tube, until 
all the adenosine had dissolved. The solution was then cooled 
to room temperature, 11.5 gm. of dry triphenylmethyl chloride 
were added, and the solution allowed to stand, with the exclusion 
of atmospheric moisture, during 7 days at room temperature. 

The solution, which was still clear and very pale yellow in 
color, Was then poured into 2 liters of filtered ice water, with 
vigorous stirring. The pale yellow gum which was precipitated 
changed to a white powder after the mixture was allowed to 
stand overnight in the refrigerator. The product was filtered off, 
washed with water until free from pyridine, and dried. The 
yield of this crude material was about 19 gm. 

(a) Monotrityl Adenosine —The crude product contained, be- 
sides monotrityl adenosine, a considerable quantity of drtrityl 
adenosine and a small amount of tritanol. It was fractionated 
in the following manner. 

The dry, crude material was dissolved in 150 ce. of boiling 
dry pyridine and 300 cc. of cold absolute ethanol were added. 
On cooling and allowing to stand in the refrigerator, 9.2 gm. of 
monotrityl adenosine were deposited. After washing with a 
little absolute ethanol and then dry ether, the substance was 
obtained as pure, colorless crystals having a melting point of 250° 
(uncorrected). Further small crops of monotrityl adenosine 
were isolated from the mother liquors (see part (6) ). 

It was soluble in cold pyridine or glacial acetic acid; fairly 
soluble in cold or hot absolute methanol, absolute ethanol, or 
acetone; sparingly soluble in cold or hot chloroform or ethyl! 
acetate; very sparingly soluble in cold or hot dry ether, carbon 
tetrachloride, benzene, pentane, or heptane; and insoluble in 
cold or hot water. 

It had the following composition. 


4.706 mg. substance: 11.795 mg. CO, and 2.205 mg. H,O 
4.208 : 0.510 cc. (757 mm. at 27°) 
Co9H270,Ns. Calculated. C 68.34, H 5.3, N 13.75 
Found. 5.3, ** 13.73 
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Its specific rotation was as follows: : 


—0.36° 100 
= —18.0° (in dry pyridine) 


1.000 


Bredereck‘ records for trityl adenosine [a]?? = —8.7° (in chloro- 
form, c = 2.069). We were unable to prepare even a 1 per cent 
solution of the substance in cold chloroform. | 

(b) Ditrityl Adenosine—The pyridine-alecohol mother liquor 
from the crystalline monotrityl adenosine was evaporated to 
dryness, giving a pale yellow gum. Weight, about 10 gm. It : 
was obtained as a flaky, glass-like substance by dissolving in | 
acetone and again evaporating to dryness. The product was 
now treated with 250 ec. of boiling heptane, under a reflux con- 
denser, dissolving all the tritanol and a little of the ditrityl | 
adenosine. 

The mixture was filtered while hot and, on cooling, the filtrate 
deposited crystalline tritanol contaminated with a little ditrityl 
adenosine. 

The material which was insoluble in boiling heptane was dried, 
finely powdered, and then shaken with 100 cc. of cold acetone. 
A little insoluble material (monotrityl adenosine) was filtered off, 
washed with cold acetone, and the combined filtrate and washings 
evaporated to dryness under diminished pressure. 

The glass-like product was dissolved in a little acetone, an 
equal volume of benzene added, and the solution evaporated to 
half its volume. An equal volume of benzene was again added 
and the solution evaporated somewhat until crystallization com- 
menced. A second anda third crop were obtained by evaporating 
the mother liquor and treating in the same manner. 

This ditrityl adenosine was still contaminated with a trace of 
monotrityl adenosine. It was purified as follows: 7.5 gm. of 
impure, crystalline ditrityl adenosine were dissolved in 50 ec. of | 
boiling benzene and the hot solution filtered to remove the small | 
amount of insoluble impurity (monotrityl adenosine). On cooling 
the very pale yellow filtrate, ditrity] adenosine separated imme- 
diately in colorless crystals which were filtered off and washed 
once with benzene, once with a little dry ether, and then dried. 


The first crop weighed 6.0 gm. 
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It had a melting point of 200-202° and the following com- 


position. 
$058 mg. substance: 11.390 mg. CO, and 2.000 mg. H.O 
: 0.392 cc. (752 mm. at 24°) 
Calculated. 76.66, H 5.5, N 9 32 


It displayed the following specific rotations. 


~0.33° X 1 
[a]? = = = —15.5° (in acetone) 
~0.39° X 100 


It was soluble in cold absolute methanol, absolute ethanol, 
acetone, chloroform, carbon tetrachloride, pyridine, ethyl acetate, 
or glacial acetic acid; fairly soluble in cold but soluble in hot 
benzene; fairly soluble in cold or hot dry ether; sparingly soluble 
in cold or hot pentane; sparingly soluble in cold but somewhat 
more soluble in hot heptane; and insoluble in cold or hot water. 

Preparation of Tritosyl Monotrityl Adenosine—5 gm. of dry, 
recrystallized monotrityl adenosine were dissolved in 60 ce. of 
boiling dry pyridine under a reflux condenser closed by a calcium 
chloride tube. The solution was cooled to 0° in ice-salt, 6.2 gm. 
of tosyl chloride were added, and the mixture shaken until the 
chloride had dissolved. After standing at room temperature 
during 30 minutes its color had changed to a rich golden yellow 
and the solution became thick and turbid. 

The mixture was kept at room temperature during 3 days, 
after which time a yellow precipitate had settled and the super- 
natant liquor was clear and very pale brown in color. The 
product was isolated in the usual manner,’ giving a quantitative 
yield of a colorless, flaky glass having 


—1.16° & 100 
2x 1.014 


fale = = —57.2° (in acetone) 


It was soluble in cold acetone, chloroform, benzene, pyridine, 


ethyl acetate, or glacial acetic acid; only fairly soluble in cold but 
soluble in hot absolute methanol, absolute ethanol, or carbon 
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tetrachloride; fairly soluble in cold or hot dry ether; insoluble in 
cold but very sparingly soluble in hot heptane; and insoluble 
in cold or hot pentane or water. 

Its composition was as follows: 

3.904 mg. substance: 8.905 mg. CO, and 1.750 mg. H.O 


CsoH oN Calculated. 61.75, H 4.7 
Found. ‘* 62.20, “ 5.0 


Detritylation of Tritosyl Trityl Adenosine—8 gm. of tritosyl 
trity] adenosine were dissolved in 80 cc. of glacial acetic acid and 
20 cc. of water were added. The solution was boiled under a 
reflux condenser during 30 minutes, cooled, and kept overnight 
at room temperature. The tritanol (1.3 gm.) which crystallized 
out was filtered off. 

The filtrate was evaporated to dryness under diminished pres- 
sure, with addition of toluene and then a mixture of ethanol and 
benzene, giving a solid crystalline mass. It was dissolved in 
acetone and, on addition of pentane to faint opalescence, it 
crystallized. | 

The substance was recrystallized as follows: 2 gm. were dis- 
solved in 25 ec. of cold acetone, a little charcoal was added, and 
the mixture filtered. Addition of 18 ec. of pentane gave a faint 
opalescence and, on stirring, the substance settled out in colorless 
crystals having a melting point of 195-196° and the following 


specific rotation. 


—1.97° X 100 | 


2x 1.044 —94.4° (in acetone) 


= 


It had the following composition. 


4.591 mg. substance: 8.581 mg. CO, and 1.835 mg. H,O 
5.705 : 0.485 ce. (748 mm. at 29°) 
5.096 ‘ " : 4.835 mg. BaSO, 
Cy Calculated. C 51.00, H 4.3, N 9.60, S 13.18 
Found. . ‘* 50.99, 4.5, 9.45, “ 13.03 


It was soluble in cold absolute methanol, ethanol, acetone, 
chloroform, pyridine, ethyl acetate, or glacial acetic acid; fairly 
soluble in cold but somewhat more soluble in hot carbon tetra- 
chloride; fairly soluble in cold and soluble in hot benzene; sparingly 
soluble in cold or hot dry ether; insoluble in cold but sparingly 
soluble in hot water; insoluble in cold or hot pentane or heptane. 
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A mixture of 0.5 gm. of dry, recrystallized tritosyl adenosine 
with 0.6 gm. of dry sodium iodide was dissolved in 5 ce. of ace- 
tone and the solution heated in a sealed tube at 100° during 2 
hours. No trace of crystalline material separated out during this 
treatment. 

Preparation of Triacetyl Monotrityl Adenosine—10 gm. of dry, 
recrystallized monotrityl adenosine were dissolved in 120 cc. of 
boiling, dry pyridine under a reflux condenser closed by a calcium 
chloride tube. The solution was cooled to room temperature and 
60 ec. of acetic anhydride were added. After standing overnight 


‘at room temperature, the solution was poured into 1 liter of ice 


water with vigorous stirring. 

The white powdery precipitate was filtered off, and washed 
several times with distilled water. The product was purified as 
previously described for diacetyl trityl uridine,® giving a prac- 
tically quantitative yield of a colorless, flaky glass which was 
soluble in cold absolute methanol, absolute ethanol, dry ether, 
acetone, chloroform, carbon tetrachloride, benzene, pyridine, ethyl 
acetate, or glacial acetic acid; fairly soluble in cold or hot pentane; 
fairly soluble in cold but quite soluble in hot heptane; and in- 
soluble in cold or hot water. 

For analysis, the flaky, glass-like substance was dried in the 
vacuum oven at 78° during 24 hours. It had the following com- 
position. 


4.452 mg. substance: 10.795 mg. COs and 2.110 mg. HO 


5.780 : 0.544 ec. (755.5 mm. at 24.5°) 
6.250 : 2.93 ‘£0.01 N sodium thiosulfate’ 
5. Calculated. C 66.11, H 5.3, N 11.02, COCH;, 20.32 
Found. ‘* 66.12, ‘* 5.3, 11.02, 


The substance displayed the following specific rotations. 


—0.14° * 100 
= = —6.8° (in acetone) 
0.15° & 100 
lalp = = +6.3° (in absolute methanol) 
lalp = ms x 1.036 = +14.0° (in dry pyridine) 


* Levene, P. A., and Tipson, R. 8., J. Biol. Chem., 104, 385 (1934). 
7Elek, A., and Harte, R. A., Ind. and Eng. Chem., Anal. Ed., 8, 267 
1936). 
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Preparation of Crystalline Diacetyl Adenosine--Removal of the 
triphenylmethyl group by means of glacial acetic acid containing 
hydrogen bromide proved to be too drastic a procedure to employ 
with this furanoside. The following method was found to be 
satisfactory. 

11 gm. of triacetyl trityl adenosine were dissolved in 320 ce. of 
glacial acetic acid and 80 cc. of distilled water were added. The 
resulting clear solution was boiled under a reflux condenser during 
30 minutes, cooled in ice to room temperature, and then poured 
onto ice. Some 450 gm. of sodium bicarbonate, mixed into a 
paste with water, were now cautiously added until the free acetic 
acid had been neutralized, sufficient water being added to retain 
in solution the sodium acetate formed. 

The mixture was now extracted three times with chloroform, 
and the chloroform extracts combined and washed once with dilute 
sodium bicarbonate solution and once with water. It was later 
found that, owing to the solubility of adenosine acetate in water, 
it is advisable to reextract each aqueous layer with chloroform. 
The chloroform solution was dried with anhydrous sodium sulfate, 
the mixture filtered, and the filtrate evaporated under diminished 
pressure to a colorless, crystalline mass weighing about 9.5 gm. 

The adenosine derivative was freed from tritanol as follows: 
The mixture was dissolved in 100 ec. of acetone and pentane 
(some 75 ec.) was added to faint opalescence. Crystallization 
commenced immediately and was completed by allowing the 
mixture to stand overnight in the refrigerator. The crystalline 
product was filtered off and washed with dry ether to remove 
traces of tritanol. It was recrystallized by dissolving in acetone 
and adding pentane to faint opalescence. 

It had a melting point of 181—182° and was soluble in cold 
absolute methanol, absolute ethanol, acetone, chloroform, pyri- 
dine, ethyl acetate, glacial acetic acid, or water; fairly soluble in 
cold or hot carbon tetrachloride or benzene; slightly soluble in 
cold but fairly soluble in hot dry ether; and insoluble in cold or 
hot pentane or heptane. 

Its composition was as follows: 


4.902 mg. 8.605 mg. CO, and 2.192 mg. 
4.800 “ : 0.838 ec. N» (763 mm. at 25.5°) (Dumas) 
7.000 : 4.174 0.01 ~ sodium thiosulfate 
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Caleulated. (© 47.84, H 4.9, N 19.94, amino N 3.99, COCH, 24.50 


The substance displayed the following specific rotations. 


—1.64° X 100 | 


4 
lal p 2x 1.042 8.7° (in acetone) 
2 — ().32° 4 100 
lal, = 0.530 = —30.2° (in water) 


_ Since the yield of diacetyl adenosine was below the theoretical, 
the reaction was further investigated, as follows: 

12.5 gm. of triacetyl trityl adenosine were dissolved in 400 cc. 
of 80 per cent aqueous acetic acid and the solution boiled under a 
reflux during 30 minutes. The solution was then cooled in ice 
to room temperature and evaporated to dryness under diminished 
pressure, the bath temperature being kept below 35°. This treat- 
ment was without deleterious effect, since the yield of adenosine 
diacetate was larger than when the acetic acid was removed by 
neutralization. 

During the course of the evaporation a crystalline substance 
was deposited. Traces of water and acetic acid were removed by 
adding a little absolute ethanol and toluene and reevaporating to 
dryness, the procedure being repeated several times. 

The crystalline mass was now treated with 100 cc. of cold 
acetone, but only a part of the material dissolved. The mixture 
was filtered, the insoluble substance washed with a little acetone, 
and diacetyl adenosine (5.1 gm.) was isolated from the filtrate as 
previously described. 

The substance (about 0.5 gm.) which was insoluble in acetone 
was recrystallized as follows: It was dissolved in 200 cc. of boiling 
water, with the addition of a few drops of glacial acetic acid. 
The hot solution was filtered and the filtrate allowed to cool. 
The product, which crystallized readily, had a composition corre- 
sponding to that of monoacetyl adenine. 


4.539 mg. substance: 7.915 mg. CO, and 1.602 mg. H:O 
3.700 : 1.285 ce. (755 mm. at 26°) 
(‘;H;ONs. Calculated. C 47.43, H 4.0, N 39.55 
Found. “* 47.55, “ 4.0, ‘* 39.38 
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It had a melting point of 347-348° and, when dissolved in 
pyridine, was optically inactive under conditions where a specific 
rotation of +1° would easily have been detectable. 

Preparation of Diacetyl Ditrityl Adenosine —5 gm. of dry, 
recrystallized ditrityl adenosine were dissolved in 25 cc. of dry 
pyridine and 20 ce. of acetic anhydride were added. The solution 
was kept overnight at room temperature and then poured into 
500 ec. of filtered ice water with vigorous stirring. 

The white, powdery precipitate was filtered off, washed with 
distilled water until free from pyridine, and then dried in a vacuum 
desiccator. Yield, quantitative. 

It had the following composition. 


4.384 mg. substance: 12.005 mg. CO, and 2.210 mg. H.O 


5.730 : 0.426 ec. (760.5 mm. at 29°) 
ysOgNs. Calculated. C 74.70, H 5.4, N 8.38 
Found. ‘* 74.67, 5.6, 8.40 


Its specific rotation was as follows: 


—0.14° X 100 


ar x 1.166 = —6§.0° (in acetone) 


= 


It was insoluble in cold or hot water; fairly soluble in cold or 
hot pentane; fairly soluble in cold but quite soluble in hot hep- 
tane; and readily soluble in the following solvents in the cold: 
absolute methanol, absolute ethanol, dry ether, acetone, chloro- 
form, carbon tetrachloride, benzene, pyridine, ethyl acetate, or 
glacial acetic acid. 

Detritylation of Diacetyl Ditrityl Adenosine—5 gm. of diacetyl 
ditrity] adenosine were dissolved in 80 ec. of glacial acetic acid 
and 20 ec. of distilled water were added. The mixture was boiled 
under a reflux condenser during 30 minutes and then cooled to 
room temperature. The tritanol (2.1 gm.) which crystallized 
out was filtered off. 

The filtrate was evaporated to dryness under diminished pres- 
sure, giving a colorless, crystalline mass (3 gm.), which was freed 
from tritanol as previously described. The product had the 
properties previously given for diacetyl adenosine. 

Tosylation of Diacetyl Adenosine—2 gm. of dry, recrystallized 
diacetyl adenosine were dissolved in 20 ce. of dry pyridine, 2.4 
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gm. of tosyl chloride were added, and the mixture shaken until 
the chloride had dissolved. 

After standing overnight at room temperature, with the exclu- 
sion of atmospheric moisture, 0.5 cc. of water was added to the 
brown solution. The resulting solution was kept at room tem- 
perature during 30 minutes and then the product was isolated 
in the usual manner, giving 2.5 gm. of a colorless, flaky, glassy 
substance. 

It was soluble in cold methanol, acetone, chloroform, pyridine, 
ethyl acetate, or glacial acetic acid; fairly soluble in cold but 
soluble in hot absolute ethanol; fairly soluble in cold but some- 
what more soluble in hot dry ether, carbon tetrachloride, or ben- 
zene; insoluble in cold but very sparingly soluble in hot pentane 
or water; insoluble in cold or hot heptane. 

Its specific rotation was as follows: 


—0.02° X 100 


2x 1.054 = —1.0° (in acetone) 


= 


It contained a little non-ionizable chlorine,* indicating the 
presence of some tosyl diacetyl chloro-adenosine, and had the 
following composition. 


4.700 mg. substance: 0.533 ce. N2 (750 mm. at 28°) 
4.922 : 0.280 mg. AgCl 
5So. Calculated. N 10.62, Cl 0.00 
** 13.37, 6.77 
Found. “ 12.69, ‘ 1.40 


A portion of the substance was treated with an equal weight 


of dry sodium iodide in acetone in a sealed tube at 100° during 


2 hours. The sodium salts which crystallized out were then 
filtered off, washed with a little acetone, dried, and weighed. 
Yield, almost quantitative. 
Preparation of Tribenzoyl Monotrityl Adenosine—The benzoyl 
derivative of monotrityl] adenosine was investigated, since it was 
considered possible that the N-benzoyl group might be more 
stable towards acid hydrolysis than the N-acetyl group. 

5 gm. of dry, recrystallized monotrityl adenosine were dissolved 
in 60 cc. of boiling, dry pyridine under a reflux condenser closed 
by a calcium chloride tube. The solution was cooled to 0° in 
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ice-salt and 4.5 ec. of benzoyl chloride were added. After standing 
at room temperature during 2 days, 1 ec. of water was added and 
the mixture was kept at room temperature during 30 minutes. 

The solution was now poured into 1 liter of ice water with 
vigorous stirring, and the white, powdery precipitate filtered off 
and washed several times with distilled water. The product was 
dissolved in chloroform and the solution shaken with sodium 
bicarbonate solution and then with water. It was dried by 
means of anhydrous sodium sulfate, the mixture filtered, and the 
filtrate evaporated under diminished pressure to a colorless, 
flaky glass (8 gm.) which was soluble in cold acetone, chloroform, 
carbon tetrachloride, benzene, pyridine, ethyl acetate, or glacial 
acetic acid; fairly soluble in cold but soluble in hot absolute 
methanol or ethanol; fairly soluble in cold or hot dry ether; 
sparingly soluble in cold but fairly soluble in hot heptane; very 
sparingly soluble in cold or hot pentane; and insoluble in cold or 
hot water. 

For analysis, the flaky, glass-like substance was dried in the 
vacuum oven at 78° during 24 hours. It had the following 
composition, 


4.407 mg. substance: 11.802 mg. CO, and 1.910 mg. H.O 


5.402 : 0.398 ce. Ns (766.5 mm. at 25.5°) 
Cs0H39O07Ns. Calculated. 73.05, H 4.8, N 8.53 
Found. 8. 


The substance displayed the following specifie rotations. 


—1.34° 100 
= 2x = —66.2° (in acetone) 


»  —0.85° X 100 


2x 1.024 


= —41.5° (in dry pyridine) 


Preparation of Crystalline Dibenzoyl Adenosine—7.5 gm. of 
tribenzoyl trityl adenosine were dissolved in 240 ec. of glacial 
acetic acid and 60 ce. of water were added. The resulting clear, 
colorless solution was boiled under a reflux condenser during 30 
minutes, cooled in ice to room temperature, and evaporated to 
dryness under diminished pressure, with alternate additions of 
absolute ethanol and toluene towards the end of the evaporation. 

The crystalline product was dissolved in 25 ce. of boiling 
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acetone. On cooling and stirring, a substance crystallized in long 
prismatic needles. The crystals were filtered off, washed with a 
little cold acetone, and dried. Weight, about 1 gm. 

This crystalline substance was recrystallized as follows: 1.5 


gm. were dissolved in 40 cc. of boiling absolute methanol under a: 


reflux condenser, the hot solution filtered, and the filtrate kept in 
the refrigerator overnight. The substance, which crystallized 
in colorless needles (several cm. in length) and which gave no 
test for pentose with orcinol, gave results on analysis correspond- 
ing with those of a monobenzoyl adenine. 


4.499 mg. substance: 9.975 mg. CO, and 1.510 mg. H.O 


4.001 ‘ ” : 1.025 ec. Nz (755 mm. at 26.5°) 
CisHsONs. Caleulated. C 60.22, H 3.8, N 29.29 
Found. 60.46, 3.8, 29.00 


It had a melting point of 237-238° and was soluble in cold 


pyridine or glacial acetic acid; quite soluble in cold absolute © 


methanol or ethanol; only fairly soluble in cold but soluble in hot 
acetone, chloroform, or ethyl acetate; sparingly soluble in cold 
or hot dry ether; very sparingly soluble in cold or hot carbon 
tetrachloride, benzene, pentane, or heptane; almost insoluble in 
cold but readily soluble in hot water. It may be recrystallized 
well from boiling water. 

It was optically inactive, in pyridine, under conditions (c = 1.0, 
| = 2) where a specific rotation of +1° would easily have been 
detectable. 

Dibenzoyl adenosine was isolated from the acetone mother 
liquor (from the crystalline monobenzoy! adenine) in the following 
manner. 

The solution was evaporated to dryness and the product treated 
with 250 ec. of boiling carbon tetrachloride under a reflux. A 
part of the material dissolved. The mixture was cooled and, 
after being kept in the refrigerator overnight, filtered. The 
filtrate contained tritanol and a little dibenzoyl adenosine. 

The material insoluble in carbon tetrachloride was dissolved 
in acetone and an equal volume of pentane added (to faint opal- 
escence). On standing in the refrigerator, dibenzoyl adenosine 
slowly crystallized out. It had a melting point of 132—134° and 
the following specific rotation. 
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—2.79° X 100 


2 x 1.204 = —107.8° (in acetone) 


= 


It had the following composition. 


5.219 mg. substance: 0.661 cc. Nz (765 mm. at 25.5°) 
CxgH»1OgNs. Caleulated, N 14.74; found, N 14.57 


It was soluble in cold absolute methanol, acetone, chloroform, 
pyridine, ethyl acetate, or glacial acetic acid; fairly soluble in 
eold but soluble in hot absolute ethanol; fairly soluble in cold or 
hot dry ether; sparingly soluble in cold but more soluble in hot 
earbon tetrachloride or benzene; very sparingly soluble in cold 
or hot pentane; insoluble in cold but very sparingly soluble in hot 
heptane or water. 

Preparation of Crystalline Monoacetone Adenosine--20 gm. of 
finely powdered adenosine (dried at 120° under diminished pres- 
sure during 2 days) were dissolved in a filtered solution of 60 gm. 
of anhydrous zine chloride in 600 cc. of acetone and the product 
isolated as described for monoacetone inosine,' except that the 
final separation of the monoacetone adenosine from barium 
chloride was accomplished by exhaustively extracting the dry, 
finely powdered mixture with hot, dry acetone in a Soxhlet 
apparatus.§ 

The acetone extract was evaporated to dryness under diminished 
pressure, with the addition of some absolute methanol to reduce 
the ease of crystallization during the evaporation, giving a color- 
less, crystalline mass. Yield, 20.7 gm. (90 per cent of the theo- 
retical). 

It had a melting point of 200-204° (with slight softening at 
190°) and the following composition. 


4.792 mg. substance: 8.915 mg. CO, and 2.410 mg. H,O 


3.410 * x : 0.686 ec. Ny (760 mm. at 28.5°) 
Ns. Calculated. C 50.78, H 5.6, N 22.80 
Found. ** 60.74, ** 5.6, ** 22.83 


It displayed the following specific rotations. 


®*We have recently succeeded in preparing crystalline monoacetone 
guanosine by the same method. 
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—1.33° X 1 
= 2x = —63.9° (in water; dissolved by warming) 
—1.98° X 100 
= = —99.8° dry py 
30.008 8° (in dry pyridine) 
—1.06° 100 
la]p = 2x nr - = —§2.5° (in 0.1 N aqueous oxalic acid solution; 


practically unchanged after 18.5 hours 
at room temperature) 


When dissolved in 0.1 N aqueous hydrochloric acid, it had an 
initial specific rotation of 
—1.66° * 100 


25 
lalp 


which changed smoothly to the constant value [a]? = —48.0°, 
calculated as adenosine, after 23.5 hours at room temperature. 
The final value is in agreement with that given by Levene ef al.° 
for adenosine, namely [a]; = —50.1° at pH 1.64. 

When dissolved in n hydrochloric acid, hydrolysis of the acetone 
group is complete in 35 minutes at room temperature. In this 
solvent, very slow hydrolysis of the adenine residue took place at 
room temperature as follows: 12.4 (18 hours), 27.9 (42 hours), 
54.1 (90.5 hours), 68.1 (116.5 hours), and 99.1 per cent (306 hours). 

Phosphorylation Experiments—-As may be seen from the follow- 
ing, the phosphorylation product from both monoacetone adeno- 
sine and diacetyl adenosine probably is mainly a diphospho deriva- 
tive. Hence, in order to isolate 5-phospho-adenosine it is neces- 
sary to remove the acetone residue, or the acetyl groups, together 
with the N-phospho group without removing either the purine or 
the 5-phospho group. The respective stability of the latter two 
groups in natural “muscle’’ adenylic acid was therefore first 
studied under a variety of conditions. 

Authentic ‘‘muscle’’ adenylic acid had the following specific 
rotation in 10 per cent hydrochloric acid. 


—0.32° & 100 
2X 0.524 


[a]> = = —30.5° (5 min. after admixture) 


* Levene, P. A., Simms, H. 8., and Bass, L. W., J. Biol. Chem., 70, 243 
(1926). 
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Embden and Schmidt!® state that the substance has [a]?” = 
—26.0° in the above solvent, but we calculate the value [a]? = 
—31.0° (+1.0°) from the observed data which they record. 

On standing at room temperature, the specific rotation of the 
above solution (in 10 per cent hydrochloric acid) showed a smooth 
change as follows: —27.5° (1 hour), —7.8° (24 hours), +2.9° 
(52 hours), +8.8° (76 hours), +11.8° (96 hours), +13.7° (120 
hours), +15.7° (144 hours), and +17.2° (168 and 192 hours). 
Recaleulated as 5-phospho ribose, the final specific rotation is 
[a]? = +25.9°. From the data recorded by Levene and Stiller" 
we calculate that free 5-phospho ribose has [a]f° = +25.6° to 
+26.0° (in water). 

Calculated in terms of the per cent hydrolysis of the adenine 
residue, these results are 7.4 (1 hour), 48.1 (24 hours), 70.3 (52 
hours), 82.6 (76 hours), 88.7 (96 hours), 92.7 (120 hours), 96.8 
(144 hours), and 100 per cent (168 hours). On the other hand, 
at the end of 192 hours at room temperature, less than 2 per 
cent (actually 1.76 per cent) of the total phosphorus present had 
been liberated as inorganic phosphorus by 10 per cent hydrochloric 
acid. 

In less concentrated hydrochloric acid solution, the substance 
is even more stable. Dissolved in N hydrochloric acid there was 
no measurable change in specific rotation during 2 days at room 
temperature. For this reason, N hydrochloric acid is preferable 
to 10 per cent acid (which has hitherto been employed) as a 
solvent for the determination of the specific rotation of the 
nucleotide. However, after longer standing at room temperature, 
hydrolysis of the purine residue by N hydrochloric acid became 
appreciable: 17.7 (4 days), 21.7 (5 days), 35.5 (11 days), 45.3 
(13 days), and 72.9 per cent (27 days). On the other hand, the 
adenine was completely removed" by Nn hydrochloric acid, after 
heating at 100° during 7 minutes, to give 5-phospho ribose with 
less than 0.1 per cent of the organic phosphoric acid liberated as 
inorganic phosphate. 

A solution of muscle adenylic acid (0.0868 gm.) in 5 ce. of 


1° Embden, G., and Schmidt, G., Z. physiol. Chem., 181, 130 (1929). 
1 Levene, P. A., and Stiller, E. T., J. Biol. Chem., 104, 299 (1934). 
12 Lohmann, K., Biochem. Z., 233, 460 (1931). 
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0.05 N hydrochloric acid, rapidly diluted to 10 cc. with 0.1 N hydro- 
chlorie acid, had the following specific rotation. 


—O.71° K 100 


= —40.9° (1 hr. af 
2 X 0.868 40.9° (1 hr. after admixture) 


[a]> = 


After 5 days at room temperature the specific rotation was un- 
changed and less than 1 per cent of the organic phosphoric acid 
had been liberated as inorganic phosphate. Muscle inosinie acid 
is stable under similar conditions.' 

Phosphorylation of Monoacetone Adenosine—-The phosphoryla- 
tion of monoacetone adenosine was performed exactly as pre- 
viously described for the preparation of phospho monoacetone 
inosine.!. The composition of the product apparently depended 
on the proportion of phosphorus oxychloride employed and on 
the length of time during which the reaction was allowed to pro- 
ceed. Using 1.1 moles of phosphorus oxychloride during 2 hours 
gave a product in a part of which the amino group had been 
phosphorylated. Increasing the length of time of reaction and 
the proportion of the esterifying agent increased the proportion 
of this N-phospho derivative. 

(a) With 1.1 Moles of Phosphorus Oxychloride (2 Hours)—-The 
product was a white powder which had the following composition, 
after drying at 100°. 


5.506 mg. substance: 0.559 ce. Ne (769.5 mm. at 26°) (Dumas) 


4.665 : 24.800 mg. ammonium phosphomolybdate 
39.86 : 18.380 BaSoO, 
C);H)}.O7;N;PBa. Calculated. N 13.40, amino N 2.68, P 5.94, Ba 26.29 


(b) With 1.14 Moles of Phosphorus Oxychloride (18 Hours) 
The product was a white powder which, after drying at 100°, 
had the following composition. 


5.490 mg. substance: 0.568 cc. Nz (751 mm. at 27°) (Dumas) 
4260 : 0.52 “ (760 ‘* 25°) (Van Slyke) 
4.700 : 26.00 mg. ammonium phosphomol ybdate 
18.700 ‘ 7 : 7.100 “ BaSO, 
Ci3H,O;NsPBa. Calculated. N 13.40, amino N 2.68, P 5.94, Ba 26.29 
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The “excess”? phosphorus, amounting to some 26 per cent of the 
total phosphorus present, was very readily hydrolyzed off by 
mineral acid as compared with that attached at position (5) of 
the sugar residue. The rest of the organic phosphorus was 
removed at the same rate as for authentic muscle adenylic acid. 

Owing to the variability in composition of the product, it was 
decided to prepare the N-phospho 5-phospho derivative, 2 or 2.2 
moles of phosphorus oxychloride being used during 18 hours. 
Under these conditions, the products obtained in a number of 
different experiments had similar compositions. 

(c) With 2.2 Moles of Phosphorus Oxychloride (18 Hours)— 
On treating 3.0 gm. of dry, recrystallized monoacetone adenosine | 
with 2.2 ec. of phosphorus oxychloride in dry pyridine and _ pro- 
ceeding as usual,' the first precipitate was a white powder (5.3 gm.) 
which, after drying at 100°, had: the following composition. 


5.675 mg. substance: 0.412 ec. N2 (758 mm. at 27.5°) 


5.200 : 34.180 mg. ammonium phosphomolybdate 

46.32 ‘ : 27.610 BaSO, 
CisHisOioN (C‘aleulated. N 9.49, P 8.41, Ba 37.23 
Found. 8.22, ‘9.54, 35.07 


Presumably owing to the excess of phosphorylating agent 
employed, the product contained some inorganic barium phosphate 
which accounts for the high phosphorus and low nitrogen figures. 
By colorimetric determination, the inorganic phosphorus was 
found to amount to 10 per cent of the total phosphorus present. 

The mother liquor from the first precipitate was evaporated to 
dryness, and the material dissolved in water and precipitated with 
absolute ethanol, giving a second portion (2.5 gm.) having the 
following composition. 


8.725 mg. substance: 0.656 cc. Ne (776 mm. at 23°) 


3.780 : 25.703 mg. ammonium phosphomolybdate 

33.410 : 19.485 BaSO, 
Calculated. N 9.49, P 8.41, Ba 37.23 
Found. 8.85, ‘9.87, ‘‘ 34.32 


Acid Hydrolysis of Phosphorylation Product from Monoacetone 
Adenosine—A sample of crude barium salt of diphospho acetone 
adenosine having the following composition was used for a typical 
experiment. 

Found. N 9.19, P 10.20, Ba 29.13 
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By treatment with nN hydrochloric acid during 7 minutes at 
100°, 45 per cent of the total phosphorus was liberated as inor- 
ganic phosphate. 

The same result was achieved at room temperature (but without 
appreciable simultaneous hydrolysis of the purine residue) after 
the material had stood for some 3 days, as indicated by the 
following experiment. To 0.1063 gm. dissolved in 5 ce. of N 
hydrochloric acid, 0.58 ec. of 2 N hydrochloric acid was added, 
and the solution rapidly diluted to 10 ce. with N hydrochloric 
acid. ‘The solution was kept at room temperature and the free 
inorganic phosphorus liberated (in per cent of the total organic 
phosphorus) was estimated colorimetrically after the elapse of 
various intervals of time, with the following results: 3.7 (45 
minutes), 26.9 (20.25 hours), and 43.0 per cent (68.25 hours). 

A specimen of the still slightly impure barium 5-phospho- 
adenosine, prepared in this manner on a larger scale, was dissolved 
in water and the barium quantitatively removed by the addition 
of dilute sulfuric acid. After the barium sulfate was centrifuged 
off and the solution evaporated to small volume under diminished 
pressure, neutral lead acetate was added until no more precipitate 
formed. The lead precipitate was well washed, suspended in 
water, and decomposed with hydrogen sulfide. The filtrate was 
evaporated to 10 ce. under diminished pressure and acetone was 
added until no more precipitate formed. 

The product was a white, amorphous substance which was not 
quite pure enough to be obtained crystalline, but which had a 
composition approximately that of adenylic acid. 


4.412 mg. substance: 5.700 mg. CO. and 1.610 mg. H,O 


5.820 : 0.990 cc. Nz (763.5 mm. at 24°) 
4.878 : 27.410 mg. ammonium phosphomolybdate 
CioH1,O7N;5P. Calculated. C 34.56, H 4.1, N 20.18, P 8.94 
Found. 35.23, 4.1, 19.38, 8.16 


Phosphorylation of Diacetyl Adenosine—Diacetyl adenosine was 
phosphorylated with 1.1 moles of phosphorus oxychloride in 
order to determine whether there would be preferential esterifica- 
tion at position (5) rather than on the amino group. The two 
groups were found to be of approximately equal reactivity, so 
that a product having a composition corresponding to a mono- 
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phospho derivative was obtained, but about half the organic 
phosphorus was labile (in the presence of N hydrochloric acid 
during 7 minutes at 100°). 

To a solution of 0.84 ec. of phosphorus oxychloride in 10 cc. of 
dry pyridine cooled to —40° was added a solution of 3 gm. of dry, 
recrystallized diacetyl adenosine in 50 ec. of dry pyridine cooled 
to —30°. The mixture was cooled to —35° and then allowed to 
stand in an ice-salt bath at —10° to —15° during 2 hours. The 
clear, colorless solution was now recooled to —35°, whereupon 
some white material separated. 10 ec. of 90 per cent aqueous 
pyridine were added dropwise, with vigorous stirring and cooling 
to prevent the temperature from rising above —20°. During 
this treatment the white precipitate redissolved. 

Filtered ice water (20 cc.) was now added (a white material 
being precipitated), followed by cold, saturated barium hydroxide 
solution until the mixture was faintly alkaline to thymolphthalein. 

On standing, the mixture became less alkaline (owing to hydroly- 
sis of the acetyl groups) and more barium hydroxide solution was 
added dropwise until alkalinity was maintained for 20 minutes. 
The mixture was evaporated to dryness under diminished pressure, 
more white precipitate forming as the evaporation proceeded. 
The dry product was shaken with 50 ec. of water and the mixture 
centrifuged. The precipitate was shaken with 100 ec. of water, 
centrifuged, and then dried by washing successively with 50 per 
cent ethyl alcohol, absolute ethanol, acetone, and dry ether. It 
was dried in a vacuum desiccator. Weight, 2.5 gm. 

This product contained organic phosphate and gave a strong 
test for pentose with orcinol. The white, powdery material was 
dried at 100° and 15 mm. over phosphorus pentoxide during 24 
hours and then had the following composition. 


4.500 mg. substance: 0.550 ec. N» (764 mm. at 29°) 
4.500 “ é : 22.600 mg. ammonium phosphomolybdate 
C;9H2O7;NsPBa. Calculated, N 14.52, P 6.43; found, N 13.88, P 7.29 


Of the total phosphorus contained in this first precipitate, 
some 11 per cent was inorganic (possibly owing to the excess of 
phosphorus oxychloride employed) and 48 per cent was labile. 

Acid Hydrolysis of Phosphorylation Product from Dhracetyl 
Adenosine —2.5 gm. of the phosphorylation product from diacetyl 
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adenosine were dissolved in 100 ce. of N hydrochloric acid and the 
solution kept at room temperature during 3 days. Cold, satu- 
rated barium hydroxide solution was now added until the mixture 
was alkaline to thymolphthalein. The precipitate was centri- 
fuged off, washed twice by centrifuging with water, and dried 
in the usual manner. It consisted essentially of barium phosphate 
but, as in the parallel experiment with diphospho acetone adeno- 
sine, contained some unhydrolyzed starting material and some 
adsorbed end-product. It had a nitrogen content of 7.41 per cent. 
The solution and washings from the precipitate were united and 
a few drops of acetic acid were added until the solution was just 
not alkaline to phenolphthalein. The solution was evaporated 
to dryness and the product dissolved in 114 ce. of water. Addition 
of 106 ec. of absolute ethanol gave a white flocculent precipitate 
which was centrifuged off and dried in the usual way. The 
white, powdery material (weight, 0.5 gm.) had the following com- 
position, agreeing fairly well with that for barium adenylate. 


6.502 mg. substance: 0.833 ce. N- (753 mm. at 28°) 
3.478 : 14.524 mg. ammonium phosphomolybdate 
26.332 “i : 10.00 BaSO, 
9H y~O7N;PBa. Calculated. N 14.52, P 6.43, Ba 28.47 
Found. ‘* 14.40, ‘6.18, °* 22.34 
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CONVERSION OF URONIC ACIDS INTO CORRE- 
SPONDING HEXOSES 


I. CONVERSION OF 2,3,4-TRIMETHYL-a-METHYL-d-GALACTURO- 
NIDE METHYL ESTER INTO 2,3,4-TRIMETHYL-«a- 
METHYL-d-GALACTOSIDE 


By P. A. LEVENE ann LEONARD C. KREIDER 


(From the Laboratories of The Rockefeller Institute for Medical Research, 
New York) : 


(Received for publication, July 9, 1937) 


The advancement of our knowledge of the structure of poly- 
uronides is very slow as compared with the progress made in the 
chemistry of polysaccharides. This slow progress is due to the 
fact that the terminal carboxyl group renders the molecule of both 
free and combined uronic acids very labile. It was natural 
therefore to search for methods for conversion of uronic acids 
into the corresponding hexoses, by reduction of the carboxyl 
group, or into pentoses, by the elimination of the carboxyl group. 

In a previous communication! there has been reported the 
failure to remove the —-COOH group from a-methyl-d-galactu- 
ronide methyl ester by either the Weerman or the Hofmann 
reactions. It was now attempted to accomplish a similar task 
by conversion of 2,3 ,4-trimethyl-a-methyl-d-galacturonide methy] 
ester into 2,3,4-trimethyl-a-methyl-d-galacturononitrile with 
subsequent elimination of the nitrile group. Three methods— 
those of Wohl, of Hockett, and of Zemplen—-were made use of, 
all without success. 

These methods having failed, an attempt was made to convert 
2,3 ,4-trimethyl-a-methyl-d-galacturonide methyl] ester into 2,3 ,4- 
trimethyl-a-methyl-d-galactoside. This task has been accom- 
plished successfully by a series of transformations indicated in 
formule (I) to (VI). The structure of substance (VI) has been 
identified by hydrolysis to a trimethyl-d-galactose having proper- 


1 Levene, P. A., and Kreider, L. C., J. Biol. Chem., 120, 597 (1937). 
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ties identical with those of the 2,3 ,4-trimethyl-d-galactose prepared 
by Onuki? through the series of transformations indicated by 
formule (VII) to (XI). 

Further work along these lines as well as on catalytic reduction 
the COOCH; group is in progress. Since the date of submission 
of this manuscript, we have accomplished this task with the 
collaboration of Dr. R. S. Tipson. 


EXPERIMENTAL 


Attempted Wohl Degradation® of 2,3,4-Trimethyl-a-Methyl-d- 
(ralacturononitrile — 2 ,3 ,4-Trimethyl-a-methyl-d-galacturononitrile 


H OMe H OMe H OMe 
H-C-OH | H-C-OMe | H-C-OMe 


| 


HO-C-H MeO-C-H MeO-C-H 
| | | 
H-C-— q-C——— 
COOMe COOMe CONH, 
I 
H OMe H OMe H OMe 
| | | 
H-C-OMe | H-C-OMe | H-C-OMe | 
| : | | | | 
MeO-C-H O —— MeO-C-H —— MeO-C-H O 
| 
| 
MecO-C-H MeO:C-H | McO-C-H 
| | | | | 
| | 
CN He-C-NH, H,-C-OH 
IV VI 


2 Onuki, M., Bull. Inst. Physic. and Chem. Research, Tokyo, 12, 614 (1933). 
* Wohl, A., Ber. chem. Ges., 26, 730 (1893). Wohl, A., and List, E., 
Ber. chem, Ges., 30, 3101 (1897). 
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H OMe i OMe H OMe 


H-C-OH | H-C-OH | H-C-OMe 
| | | | 


| | 
HO-C-H O-— HO-C-H O ——> MeO0-C-‘H O 
HO-C-H HO-C-H 

| | | 
H-C— 


H-C-OH H.-C-O-trity! H;-C-O-trity! 
VII VIII IX 


| : | 
H-C-OMe | H-C-OMe 


MeO-C-H O > MeO-C-H_ O 
| 
MeO-C-H MeO-C-H | 
| 
| 


H-c—_—_ 


| 
H,-C-OH H,-C-OH 
X XI 


(1.0 gm.) was dissolved in 20 ce. of absolute methanol and to this 
was added a solution of 1.0 gm. of silver nitrate dissolved in 10 ce. 
of concentrated ammonium hydroxide and the whole kept at 25° 
for 40 hours. 

Most of the ammonia was now removed by passing air through 
the solution. This was then diluted to 100 cc. with water and 
the silver quantitatively removed with hydrogen sulfide. The 
silver sulfide was filtered off and the filtrate freed of hydrogen 
sulfide by aeration. The solution was extracted with 150 cc. of 
chloroform used in small portions and the chloroform extract 
washed with water, dried with drierite, and evaporated to a thin 
syrup under reduced pressure. The last traces of chloroform 
were removed by thrice adding and evaporating 10 cc. portions 
of absolute methanol. At this point thin prisms appeared and 
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they were allowed to increase overnight in the cold. It was found 
that the crystals were quite insoluble in cold ether, while the 
syrup in which they were embedded was soluble, so advantage 
was taken of this to separate the crystals. They were recrystal- 
lized from ether and melted at 182-183°. The composition of this 
compound corresponded to a tetramethyl hexuronothioamide. 


4.616 mg. substance: 7.695 mg. CO, and 3.087 mg. H:O 


4.430 ‘ ss : 0.198 ec. Nz (27° and 755 mm.) 

4.985 ‘ : 17.500 mg. AgI 

4755 * : 4.270 BaSO, 
Calculated. 45.25, H N 5.28, S 12.09, OCH; 46.79 


The substance is soluble in chloroform or water, moderately 
soluble in acetone, less soluble in ethanol, and quite insoluble in 
ether. 

What probably happened was that the Wohl degradation did 
not take place at all, or at least only to a minor extent, so that 
the excess of the hydrogen sulfide (that was introduced to remove 
the silver ions) added to the nitrile to form a thioamide. This 
reaction appears to be quite general and is known to be catalyzed 
by ammonia and the amines.‘ In our case ammonia was still 
present when the hydrogen sulfide was added. Thus the product 
we obtained must be 2,3, 4-trimethyl-a-methyl-d-galacturonothio- 
amide. 

To test this further the same product was prepared in good 
yield by the action of hydrogen sulfide on an ammoniacal methyl 
alcoholic solution of 2,3,4-trimethyl-a-methyl-d-galacturono- 
nitrile. 

Attempted Hockett Degradation® of 2,3,4-Trimethyl-a-Methyl-d- 
Galacturononitrile—2 ,3 ,4-Trimethyl-a-methyl-d-galacturononitrile 
(1.0 gm.) was added to 35 ec. of concentrated ammonium hydrox- 
ide and then warmed on a water bath under the hood for 3 hours 
with occasional shaking, solution being effected at the end of the 
Ist hour. It was removed from the water bath and concentrated 
to dryness under diminished pressure. This procedure was 
repeated thrice. 

The last traces of ammonia and water were removed by twice 


‘Kindler, K., Ann. Chem., 431, 187 (1923). 
‘ Hockett, R. C., J. Am. Chem. Soc., 67, 2265 (1936). 
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dissolving the resultant crystals in 5 cc. of absolute ethanol and 
evaporating to dryness (crystallization) under reduced pressure. 
The water-free crystals were then dissolved in 5 ce. of boiling 
absolute ethanol; the solution was evaporated to about half of 
this volume, cooled to 40°, and 50 cc. of pentane slowly added. 
Crystallization was spontaneous and was complete after standing 
for 3 hours in the refrigerator. Yield, 0.83 gm. of needle-like 
erystals that melt at 152-153°. This material, on recrystalliza- 
tion, melted at 153.0-153.5°. The specific rotation was 


+5.30° X 100 
2X 2.182 


lal5 = = +121.4° (in v.s.p. chloroform) 


The mixed melting point with an authentic specimen of 2,3 ,4- 
trimethyl-a-methyl-d-galacturonamide was unchanged at 153.0- 
153.5°. The rotation of the same authentic specimen was [a]?’ = 
+121.5° (c = 2.07 in chloroform). 

Attempted Zemplen Degradation® of 2,3 ,4-Trimethyl-a-Methyl-d- 
(ralacturononitrile—2 ,3 ,4-Trimethyl-a-methyl-d-galacturononitrile 
(5.6 gm.) was dissolved in 25 cc. of chloroform at 0°. To this 
was added a solution of 1.5 gm. of sodium in 50 cc. of absolute 
methanol at 0°. This reaction mixture was allowed to warm to 
room temperature and left to stand overnight, during which time 
a precipitate appeared. This was dissolved by adding 40 ce. of 
water, and then carbon dioxide was slowly passed through the 
mixture for 3 hours. 

The chloroform layer was removed and the aqueous layer was 
extracted with four 30 cc. portions of chloroform. ‘The combined 
chloroform solutions were washed twice with 30 cc. portions of 
water, dried over calcium chloride, and then concentrated to a 
thick syrup under reduced pressure (30° bath temperature). 
This syrup was dissolved in ether, and when the ether was evap- 
orated under diminished pressure the whole crystallized. Weight 
5.2 gm. 

This material was recrystallized from 4 ec. of ether and yielded 
4.6 gm. of product melting at 58-60°. Purification is difficult, as 
the product is very soluble in all the common solvents: water, 
methanol, ethanol, acetone, ether, benzene, chloroform, or pen- 


*Zemplen, G., and Kiss, D., Ber. chem. Ges., 60, 165 (1927). 
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tane. It is not very soluble in cold heptane, but it crystallizes 
from it poorly. The substance may be distilled at a bath tem- 
perature below 140° at 0.2mm. The distillate crystallizes readily, 
but these crystals melt less sharply and at a lower temperature 
than before distillation. The substance was purified by repeated 
recrystallization from ether, and after ten recrystallizations the 
melting point and rotation became constant. M.p. 65.0-65.5°. 
The specific rotation was 


6.70° & 100 
~ = +194° (in u.s.p. chloroform) 


= 


4.902 mg. substance: 9.100 mg. CO» and 3.500 mg. H.O 


8.068 “ eee : 0.355 ec. Ne (26° and 766 mm.) 

: 13.990 mg. AgI 
(',H»O.N. Caleulated. C 50.16, H 8.0, N 5.32, OCH; 58.94 
263.17 Found. 50.62, 8.0, ‘5.06, 88.35 


From this it appears most probable that the constituent atoms 
of methanol reacted with the nitrile group’ to give 2,38, 4-tri- 
methyl-a-methyl-d-galacturonic imino acid methyl ester. The large 
yield makes it improbable that any Zemplen degradation took 
place. 

2,8 ,4-Trimethyl-a-M ethyl-d-Galacturonamide—2 ,3 ,4-Trimethyl- 
a-methyl-d-galacturonide methyl ester (8.0 gm.) was dissolved in 
4 ec. of warm absolute ethanol. This solution was cooled and to 
it were added 100 cc. of a saturated solution (at 0°) of dry ammonia 
in absolute ethanol and then left in the refrigerator for 40 hours. 

‘The mixture was now warmed on the water bath to expel most 
of the unreacted ammonia, and then the remainder of the am- 
monia and the solvent were removed under reduced pressure at 
35°. The product crystallized in the flask. It was recrystallized 
by dissolving in 10 ec. of absolute ethanol, evaporating on the 
water bath to about two-thirds of that volume, and then adding 
100 ce. of pentane to the solution. Fine, needle-like crystals 
appeared immediately and crystallization was completed in the 
refrigerator. Yield, 5.8 gm. (77 per cent of the theoretical). 
M.p. of crude material, 148-150°. After two more recrystalliza- 
tions from ethanol-pentane the melting point and the rotation 
were constant. M.p. 153.0—-153.5°. 


7 Pinner, A., and Klein, F., Ber. chem. Ges., 10, 1889 (1877). 
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It had the following specifie rotation. 
+5.43° x 100 
2 X 2.235 


= = +121.5° (in u.s.p. chloroform) 


The analysis of this compound corresponded with that of a 
tetramethyl hexuronamide. 


6.295 mg. substance: 0.319 ce. N, (26.5° and 761 mm.) 


4.542 : 17.185 mg. Agl 
CoH y oO x. C‘aleulated. N 5.62, OCH, 498] 
249.16 Found. “5.78, “ 49.94 


The substance is soluble in cold water, methanol, ethanol, 
chloroform, acetone, or ethyl acetate. It is sparingly soluble in 
ether and insoluble in petroleum ether. 

2,3,4-Trimethyl-a-M ethyl-d-Gelacturononitrile 2,3 ,4-Trimethyl- 
a-methyl-d-galacturonamide (6.0 gm.) was refluxed with 48 ee. 
of thionyl chloride for 2 hours with the eareful exelusion of all 
moisture. An amber color developed. The thionyl chloride was 
then removed under reduced pressure; when this was accomplished 
the entire mass erystallized. 

It was now dissolved in 25 ce. of chloroform and 25 ce. of 
heptane were added and the solvents removed under diminished 
pressure. The treatment with the chloroform and heptane was 
repeated, the object being the quantitative removal of the thionyl 
chloride. The crystalline product was dissolved in 30 ce. of 
boiling absolute ethanol, treated with norit, filtered, and placed 
in the refrigerator overnight. The yield was 3.7 gm. (66 per cent 
of the theoretical) of massive polyhedric crystals melting at 155— 
156°. It may be recrystallized from absolute ethanol, chloroform- 
heptane, or cthanol-heptane. After two recrystallizations the 
melting point became constant at 156 157° and the specifie rota- 
tion was 


+5.238° & 100 


= +177.6° (in u.s.p. chloroform) 


lalp = 


Its composition agreed with that of tetramethyl] hexurononitrile. 


4.102 mg. substance: 7.785 mg. CO, and 2.625 mg. H.O 


7.905 “ ™ : 0.423 cc. Ny (26° and 769 mm.) 
Calenlated. 51.92, H 7.4, N 6.06 
231.14 Found. 6 
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2,3 ,4-Trimethyl-6-A mino-a-Methyl-d-Galactoside 2,3 ,4-Tri- 
methyl-a-methyl-d-galacturononitrile (4.0 gm.) was dissolved in 
100 ec. of absolute methanol, Raney’s catalyst (2.0 gm.) added, 
and then subjected to a hydrogen atmosphere at a pressure just 
slightly in excess of | atmosphere. Shaking was begun and in the 
first 15 minutes 2 molecular equivalents of hydrogen were ab- 
sorbed. The reaction was continued for another 30 minutes but 
less than 0.02 molecular equivalent was absorbed in that time, 
so the reaction was judged complete. 

The catalyst was removed by centrifuging and washing twice 
with methanol. The alcoholic solution was then concentrated 
under diminished pressure, to a thin, colorless syrup and trans- 
ferred to a distilling flask. The product distilled at 93-95° at 
0.15 mm. (bath femperature, 115°). Yield, 2.95 gm. (72 per cent 
of the theoretical); n? = 1.4651. 

To check the homogeneity ef the product it was redistilled at 
25 mm. pressure and boiled at 172° (bath temperature, 185°). 
The first drop had a refractive index of n? = 1.4651, the bulk of 
the distillate, n?> = 1.4652, and the last drop, n? = 1.4652. Its 
specific rotation was 


+4.40° x 100 


= +161.3° (in u.s.p. chloroform 
+. (in U.s orm) 


= 


The composition agreed with that of a trimethylaminomethyl- 
hexoside. 


5.643 mg. substance: 10.595 mg. CO. and 4.440 mg. H.O 


4.010 * : 0.214 ec. (26° and 753 mm.) 
C‘aleulated. 51.03, H 9.0, N 5.96 
235.17 Found. 61.20, ** 9.0, ** 6.03 


Preparation of 2,3,4-Trimethyl-a-M ethyl-d-Galactoside—2 ,3 ,4- 
Trimethyl-6-amino-a-methyl-d-galactoside (1.7 gm.) was dissolved 
in 50 ec. of 30 per cent aqueous potassium nitrite solution. To 
this were added 15 cc. of glacial acetic acid, together with 3 drops 
of octanol to reduce foaming, and the whole stirred vigorously for 
30 minutes. After that time a microdetermination of amino 
nitrogen by Van Slyke’s method was made, which showed the 
reaction to be practically complete. The stirring was continued 
during a further 30 minutes and then the solution was rendered 
neutral (about pH 6) by means of potassium hydroxide. 
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This solution was then extracted with four portions of chloro- 
form (50 cc. each), the chloroform extract washed with 50 cc. of 
water, dried over calcium chloride, filtered, and evaporated to a 
thick syrup under reduced pressure. At this point a slight but 
sharp odor was noticed, so the syrup was dried under a high 
vacuum over phosphorus pentoxide and potassium hydroxide 
for 20 hours. 

The syrup then was odorless and was transferred to a microstill 
and distilled very slowly at a pressure of 0.05 mm. and a bath 
temperature of 120-135°, yielding 0.8 gm. of a clear, viscous 


liquid, having 2 = 1.4608 and the following specific rotation. 


+1.85° & 100 
lal, = 7 1.399 = +132.2° (in methanol) 


The substance had the following composition. 


4.690 mg. substance: 8.605 mg. CO, and 3.590 mg. H,O. 
CoH Calculated. 50.81, H 8.6 
236.16 Found. 50.00, 8.6 


Onuki? gives fa}i* = +112.50° (in water) for 2,3 ,4-trimethyl-a- 
methyl-d-galactoside and describes it as a viscous liquid. The 
constants presented here are given with some reserve because 
of the low figure for the percentage of carbon. Owing to the 
small amount of the material available, it was deemed advisable 
to hydrolyze this glycoside and to attempt to prepare from it the 
crystalline 2,3 .4-trimethyl-d-galactose for the purpose of char- 
acterization. 

Preparation of 2,3 ,4-Trimethyl-d-Galactose—2 ,3 ,4-Trimethyl-a- 
methyl-d-galactoside (0.7 gm.) was dissolved in 20 ec. of 4 per cent 
aqueous hydrochloric acid and heated at 95-98° under a reflux 
condenser for 2 hours. The solution was then cooled to room 
temperature, the free hydrochloric acid removed with silver 
carbonate, the silver ions precipitated as sulfide, and the mixture 
filtered. The slightly colored filtrate was boiled with norit for 
10 minutes, filtered, and the colorless filtrate concentrated under 
reduced pressure to a clear, thick syrup which was left overnight 
in a desiccator at 1 mm. pressure over phosphorus pentoxide and 
potassium hydroxide. 

The syrup was dissolved in ethyl acetate and pentane was 
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added to turbidity. On slow concentration under reduced 
pressure the whole crystallized to a mass of thin, long needles. 
These were recrystallized once from ethyl acetate-pentane and 
once from ethyl acetate alone. The melting point was 75-80° 
(not sharp) and the specific rotation was 

 +1.65° 100 

4150.2" 

initially in water, changing slowly and finally becoming constant 
the 2nd day at +121.0°. 
The substance had the following composition. 


5.094 mg. substance: 8.998 mg. COs, 3.700 mg. H2O, and 0.085 mg. ash 
CoH ysOxg. C‘aleculated. 48.62, H &.2 
222.14 Found. 48.16, 8.2, ash 1.66 
C‘aleulated as ash-free. ‘‘ 48.97, 8.3 


2,3,4-Trimethyl-7-galactose is variously reported by Onuki as 
melting at 84°,8 85° (sinters at 80°),° 85°?!’ and = +154.07° 
30 hours +122.02° (in water)!® and fa]? = +151.6° 24 hours 


+ 120.83° (in water).* 


We wish to thank the Research Department of the California 
Fruit Growers Exchange, Ontario, California, for their generous 
gift of citrus pectin which has served as our source of galacturonic 
acid, 

’Onuki, M., J. Agric. Chem. Soc. Japan, 9, 90 (1933). 


* Onuki, M., J. Agric. Chem. Soc. Japan, 9, 214 (1933). 
‘© Onuki, M., Proc. Imp. Acad. Tokyo, 8, 496 (1933). 
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THE ISOLATION OF PECTIC SUBSTANCES FROM 
WOOD. II* 


By ERNEST ANDERSON, L. W. SEIGLE, PAUL W. KRZNARICH, 
LLEWELLYN RICHARDS, ann W. W. MARTENY 
(From the Carnegie Institution of Washington, Division of Plant Biology, 
Stanford University, California, and the Department of Chemistry, the 
University of Arizona, Tucson) 


(Received for publication, July 1, 1937) 


For some years definite formulas have been given to pectic 
materials in general and especially to pectic acid (1). Experi- 
mental work has gradually shown, however, that pectic acid does 
not have a definite composition but varies with the treatment to 
which it is subjected (2). It consists of polygalacturonic acids 
combined with varying numbers of molecules of l-arabinose and 
d-galactose. Most of the sugar molecules are easily hydrolyzed. 
As a result, during the purification of pectic materials, the per 
cent of pentosan gradually decreases while the per cent of uronic 
acid gradually increases and the material approaches the com- 
position of a polygalacturonic acid. Bonner (2) suggests that 
pectic acid consists of chains of molecules of d-galacturonic acid 
interspersed with occasional molecules of /-arabinose and d-galac- 
tose. 

As pectic materials occur in mature wood they are for the most 
part insoluble in water. This may be due either to their presence 
as calcium salts, or in combination with cellulose or other materials 
(3), or to the protective action of other water-insoluble substances 
which have been deposited over the pectic materials. Probably 
all of these influences affect the solubility of the pectic materials 
in wood. The solvent action of either ammonium oxalate solu- 
tion or of dilute acids followed by ammonium hydroxide, on in- 
soluble pectic materials suggests the presence of insoluble calcium 


* The authors wish to thank Dr. 1. W. Bailey of Harvard University for 
assistance in developing some of the methods used as well as for supplying 
some of the woods investigated. 
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pectate. At the same time it would not be surprising to find in 
wood insoluble compounds of pectic material with cellulose, 
starch, lignin, or other compounds. Glycosidic and ester unions 
between compounds in plants are very common. Some _ poly- 
uronides are known to be composed of two such portions. Thus 
O’ Dwyer has recently isolated a compound of a hemicellulose and 
starch (4). Hemicelluloses obtained from cottonseed hulls and 
oat hulls seem to consist of a polyuronide portion combined with 
other bodies. Mesquite gum consists of a fairly stable uronic 
acid-d-galactose portion combined less firmly with an /-araban 
portion. As already pointed out, pectic materials consist of a 
polygalacturonic acid portion loosely combined with pentosan. 
Quite possibly this may be a general characteristic of the poly- 
uronides. Such unions should be readily hydrolyzed by dilute 
acids and alkalies. 

The percentage of pectic material present in the cambium- 
phloem portion of the wood is much greater than in the sap-wood 
and heart-wood. ‘This led to the suggestion that these materials 
are transformed into other substances as the wood ages. Kerr 
and Bailey (5) point out that this assumption is not necessary. 
Large amounts of insoluble pectic material are laid down, early 
in the growth of the cell, in the middle lamella and primary cell 
wall, ‘These portions of the cell make up a greater percentage of 
the tissue in the cambium-phloem than they do in the mature 
sap-wood and heart-wood. Later, the thick secondary cell walls 
are formed which consist chiefly of cellulose and hemicellulose. 
This causes a relative decrease in the amount of insoluble pectic 
material when compared with the total amount of material pres- 
ent, without any actual change in the amount of insoluble pectic 
material. The fact that large amounts of insoluble pectic material 
remain even in very old wood also renders unnecessary the assump- 
tion that these materials are converted to lignin or other material. 
Anderson, Russel, and Seigle (6) discuss the possibility of an inter- 
conversion of plant gums, hemicelluloses, and pectins. They con- 
clude that these materials probably originate from some common 
source such as dextrin and are not converted into each other. 


EXPERIMENTAL 


Extraction of mature wood with dilute solution of sodium hy- 
droxide, hydrochloric acid, and ammonium hydroxide removes a 
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part only of the hemicelluloses and pectic materials. If the wood 
is then treated with chlorine gas and afterwards with alcohol, 
the remainder of the pectic materials and hemicelluloses may be 
extracted by treatment with the proper solvents. The poly- 
uronides are thus obtained in part before chlorination and in part 
after chlorination of the wood. 

Pectic materials are accompanied in mature wood by large 
amounts of hemicellulose. Starch also is frequently present. 
The separation of these substances from each other and puri- 
fication are matters of considerable difficulty. The method 
described below is the most satisfactory the authors have found 
for isolating pectic materials from mature wood. The materials 
obtained vary somewhat in composition but approximate closely 
the properties and composition of known pectic materials. 

Isolation of Pectic Materials from Wood before Chlorination-—The 
procedure deseribed by Anderson (7) for preparing the wood and 
dissolving the hemicelluloses and pectic materials from black lo- 
cust sap-wood was used on all of the mature woods in the present 
investigation but the procedure described there for precipitating 
the pectic materials from these solutions was modified. Both 
Pectin A, the 0.05 N hydrochloric acid extract, and Pectin B, the 
5 per cent ammonium hydroxide extract, were made 0.1 N acid 
with hydrochloric acid and the pectie material precipitated by 
addition of 4 volumes of ethanol. After the precipitate had set- 
tled, the hquid was siphoned off and the precipitate centrifuged 
out. | 

Chlorination of the Wood and Subsequent Treatment—After the 
more soluble portion of the hemicelluloses and pectic materials 
had been extracted, the remaining pulp was washed with water 
and very dilute hydrochloric acid. It was then mixed with water 
and shaken mechanically while chlorine gas was passed into the 
solution for 4 hours. The colored solution was filtered from the 
pulp and the latter was washed with water. It was then extracted 
for 2 hours under a reflux condenser with boiling ethanol. The 
pulp was filtered and washed thoroughly with warm ethanol. 
This procedure removes large amounts of material rendered soluble 
in ethanol by the chlorination process. These materials may be 
recovered by diluting the aleohol solution with water. 

To dissolve the pectic material made soluble by chlorination, 
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the pulp was shaken with 5 per cent ammonium hydroxide for 
48 hours and filtered. The filtrate was acidified with hydrochloric 
acid and Pectin C precipitated by addition of 4 volumes of ethanol. 

To remove the hemicelluloses made soluble by chlorination, the 
pulp was extracted twice with 5 per cent sodium hydroxide solu- 
tion, each time for 48 hours. The filtrates were acidified with 
hydrochloric acid and separated into a water-insoluble portion, 
Hemicellulose C, and a water-soluble portion, Hemicellulose D, 
The latter was precipitated by addition of ethanol. 

Purification of Pectic Substances--The method used in purifying 
a pectic substance which has been isolated from wood will depend 
on the form in which it is present as well as on the impurities pres- 
ent. When the material is present as pectic acid, it can be dis- 
solved in 40 times its weight of 5 per cent ammonium hydroxide, 
filtered from impurities, and the filtrate acidified with hydro- 
chloric acid. If the resulting precipitate of pectic acid is colored, 
chlorine gas may be passed into the acid solution for a short time 
and ethanol added. 

When the impure pectic material is present as the dry caleium or 
barium pectate, it can be purified by shaking with 100 times its 
weight of 1 per cent hydrochloric acid and centrifuging out the 
insoluble pectic acid. The latter is then dissolved in ammonium 
hydroxide and treated as described above. When starch is present 
with the pectic material, the latter is converted to the insoluble 
ealeium salt as described by Branfoot (1). Starch may also be 
removed by treatment with taka-diastase. 

The chief impurities in the purified pectic material from wood 
are hemicelluloses and starch. The hemicelluloses from wood give 
a high percentage of furfural and a low percentage of carbon di- 
oxide. They rotate negatively and apparently always contain an 
ether-linked methoxyl group which is not affected by the reagents 
used in purifying the pectic materials. On the other hand any 
ester-linked methoxy! originally combined with the pectic material 
in wood will usually, though not always, be removed during the 
process of purification described above. When on analysis of the 
pectic material the amount of furfural is above 23 per cent and the 
amount of carbon dioxide is below 16.5 per cent and the specific 
rotation is below + 200°, hemicelluloses are probably present. The 
presence of methoxyl groups in material that has been treated 
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with sodium hydroxide also indicates hemicelluloses. These 
limits do not apply to barium salts. 

Starch gives very low percentages of furfural and carbon dioxide 
but shows approximately the same specific rotation as the pectic 
materials. Its presence does not affect appreciably the specific 
rotation of the pectic materials but lowers both the percentage of 
furfural and carbon dioxide. When starch is present, it can be 
detected by the iodine test. However, some of the hemicelluloses 
apparently give colorations with iodine similar to the dextrins. 

Analysis of Pectic Substances—-Uronic acid was determined by 
the method of Lefévre and Tollens (8), with the apparatus de- 
scribed by Dickson, Otterson, and Link (9). Pentosan was deter- 
mined by distillation with 12 per cent hydrochloric acid and pre- 
cipitation of the furfural with phloroglucinol. Specific rotations 
were made by dissolving the pectic acid in 2 per cent ammonium 
hydroxide solution. The presence of galacturonic acid was es- 
tablished by the method of Heidelberger and Goebel (10). 

Pectic Materials from Different Sources—Pectic materials were 
isolated and analyzed from four different woods both before and 
after chlorination. For comparison pectic materials were also 
prepared from grapefruit rinds by the same methods. The results 
obtained are given below. In each case Pectin A was obtained by 
extracting the prepared wood pulp with 0.05 N hydrochloric acid 
as already descnbed. Pectin B was obtained by extracting the 
resulting pulp with 5 per cent ammonium hydroxide. These ex- 
tractions were made before chlorination of the pulp.  Peetin C 
was obtained after chlorination of the pulp by extraction with 5 
per cent ammonium hydroxide. In general the crude pectic 
materials before purification gave amounts of carbon dioxide vary- 
ing from approximately 4 per cent to 12 per cent. 

Grapefruit Rinds—The grapefruit rinds used, freed of the inner 
pulp, gave 5.12 per cent carbon dioxide, on the dry basis, by the 
method of Lefévre and Tollens (8). Pectin was prepared from 
these rinds by extraction with boiling water alone as directed by 
Morrow and Sandstrom (11). This was called Pectin A;. The 
remaining pulp was then extracted with 0.05 N hydrochloric acid 
in a bath of boiling water for 2 hours, filtered, and Pectin A pre- 
cipitated by addition of ethanol. The pulp was then allowed to 
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stand for 48 hours with 5 per cent ammonium hydroxide solution, 
It was filtered and the filtrate was acidified with dilute hydro- 
chloric acid and Pectin B was precipitated by addition of ethanol. 
Without purification the three lots of pectin gave the following 
results on analysis, all of which are calculated to the ash-free, 
meisture-free basis. 

Pectin A,—16.34 per cent carbon dioxide, 22.14 per cent fur- 
fural, and [a]? = +199°. 

Pectin A—17.97 per cent carbon dioxide, 19.70 per cent fur- 
fural, and [a]? = +216°. 

Pectin B—20.01 per cent carbon dioxide, 19.50 per cent fur- 
fural, and [a]? = +235.6°. 

A sample of citrus pectin! gave on analysis 17.7 per cent carbon 
dioxide, 23.84 per cent furfural, and [a] = +252°. When this 
material was dissolved in 5 per cent ammonium hydroxide, filtered, 
and precipitated by acidifying and adding ethanol the [a]? = 
+ 264°. 

Calcium pectates prepared from citrus pectin gave on analysis 
the following results: carbon dioxide 19.0 to 20 per cent; calcium 
7.5 to 9.2 per cent; furfural 18.6 to 19.3 per cent.’ 

Barium pectate prepared from citrus pectin gave on analysis 
16.3 per cent carbon dioxide, 25.53 per cent barium, and 17.2 per 
cent furtural. 

In general, as these salts are purified by being repeatedly dis- 
solved and reprecipitated, the per cent carbon dioxide increases 
slightly and the per cent furfural decreases slightly. 

Sap-W ood of Black Locust, Robinia pseudoacacia, L.*—The isola- 
tion of pectic material from the cambium-phloem and sap-wood of 
this tree before chlorination has already been deseribed by Ander- 
son (7). The yield of pectic material after chlorination of the wood 
amounted to approximately 0.2 per cent of the dry wood. The 


1 This material was supplied by the Research Department of the Cali- 
fornia Fruit Growers Exchange. 

2 Anderson (7) reported 27 and 32.6 per cent furfural from two different 
samples of calcium pectate. These were really percentages of pentosan 
instead of furfural. 

* This wood was cut by Dr. I. W. Bailey near Boston in April, 1933. At 
the time of cutting it was separated into cambium-phloem, sap-wood, and 


heart-wood. 
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purified Pectin C gave 16.5 per cent carbon dioxide, 18 per cent 
furfural, and [a]”> = +208°. 

Heart-Wood of Black Locust?—-The yields of pectic material ob- 
tained respectively before and after chlorination were approxi- 
mately 0.6 and 0.7 per cent of the weight of the wood. 

Pectin A, after purification, gave 17.2 per cent carbon dioxide, 
21.9 per cent furfural, and [a]? = +246°. 

Pectin B gave 14.4 per cent carbon dioxide, and [a]? = +180°. 
After Pectin B was purified by chlorination, it gave 17 per cent 
earbon dioxide and [a]? = +185°. 

Pectin C, after purification, gave 16.4 per cent carbon dioxide, 
23.76 per cent furfural, and [a]? = +196°. 

Lemon Wood, Citrus limonia, Osbeck*— The common lemon is an 
evergreen tree and a hardwood. The wood used was approxi- 
mately 5 inches in diameter. The bark was peeled off and the 
wood scraped to remove all eambium-phloem portion. It was con- 
verted to a powder and analyzed with the following results: 
moisture 5.0 per cent; ash 1.45 per cent; solubility in cold water 
6.7 per cent; solubility in hot water 2.86 per cent; solubility in J 
per cent sodium hydroxide solution 12.44 per cent; solubility in 
10 per cent sodium hydroxide solution 9.6 per cent. The total 
solubility in the above solvents was 32.65 per cent. The wood 
gave 1.4 percent carbon dioxide by the method of Lefévre and Tol- 
lens (8). It contained crystals of caleium oxalate and gave a strong 
test for starch. 

The total yield of crude pectic materials before and after chlor- 
ination was respectively 1.5 and 1.9 per cent of the weight of 
the wood. Different samples of Pectin A and Pectin B, after 
purification, gave amounts of carbon dioxide varying from 16.5 
to 19.8 per cent and amounts of furfural varying from approxi- 
mately 20 to 22.2 per cent. One sample gave 1.23 per cent meth- 
oxyl. When Pectins A and B were converted to caleium pectate, 
the amounts of calcium, carbon dioxide, and furfural usually ap- 
proximated respectively 9.5, 19.5, and 20 per cent. In a few cases 
the amount of caleium was as low as 7.2 per cent, and the amount 


‘ This wood was supplied by Mr. C. A. Jensen of Santa Paula, California. 


= 
é 
| if 
| 7 
| 
| 
¢ 
¥ 
3 
| 
| 


172 Pectie Substances from Wood. II 


of carbon dioxide was as low as 17.5 per cent. One sample of 
Pectin C, after purification, gave 17.26 per cent carbon dioxide and 
23.16 per cent furfural. Another sample gave 15.7 per cent carbon 
dioxide and 19.8 per cent furfural and [a]? = +168°. 

Mesquite Wood, Prosopis juliflora, Var. Velutina, W. S.-—This 
is a hardwood. The wood was cut near Tucson in September. 
The bark was removed from branches approximately | inch in 
diameter and the wood converted to a powder. The various 
pectic materials were isolated and purified as already described. 


‘ . The yield of pectic material after chlorination of the wood was 
i 0.66 per cent. Pectins A and B were converted to calcium pec- | 
4 tate. On analysis caleium pectate from Pectin A gave 8.8 per 
x cent calcium, 17.7 per cent carbon dioxide, and 19.5 per cent fur- 
d fural. Calcium pectate from Pectin B gave 7.9 per cent calcium, 
ze 16.2 per cent carbon dioxide, 19.6 per cent furfural, and 1.22 per 
af cent methoxyl. Pectin C, obtained after chlorination of the wood, 
gave 15.8 per cent carbon dioxide and 17.5 per cent furfural. 


Sap-Wood of White Pine, Pinus strobus, L.6—The yields of 
purified pectic materials before and after chlorination of the wood 
were respectively approximately 0.25 and 0.35 per cent.  Con- 
siderably less of these materials was obtained from this softwood 
than from the hardwoods already deseribed. However, their 
physical properties and chemical composition were the same as 
pectic materials from hardwoods. Calcium pectate obtained 
from Pectin A gave 10 per cent caleium, 15.5 per cent carbon 
dioxide, and 18.75 per cent furfural. Purified Pectin B gave 20.6 
per cent carbon dioxide, 23 per cent furfural, and [a]? = +261°. 
When some of this material was tested for galacturonic acid by 
the method of Heidelberger and Goebel (10), it gave large amounts 
of mucie acid melting at 218°. Purified Pectin C obtained after | 
chlorination gave 16.6 per cent carbon dioxide. | 

White Pine, Cambium-Phloem —This material gave 1.9 per cent 
carbon dioxide by the method of Lefévre and Tollens (8). If all 
the earbon dioxide were derived from pectic material, there 
should have been approximately 10 per cent of these materials 
present. Some of the carbon dioxide was certainly derived from 


> This wood was supplied by Dr. I. W. Bailey of Harvard University. 
It was cut in April and the cambium-phloem portion carefully separated 
from the sap-wood. 
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hemicelluloses. The procedure followed in isolating pectie sub- 
stances from this material was that described by Anderson (7) | . 
for the cambium-phloem of black locust. In this case Pectin af 
A; was obtained by extraction with boiling water, while Pectins i 
A and B were obtained by extraction respectively with hot 0.05 
N hydrochloric acid and 5 per cent ammonium hydroxide. The 
pulp was not treated with chlorine gas. The total yield of crude ‘| 
‘ pectic material was approximately 21 per cent of the weight of i 
the tissue used. However, carbon dioxide determinations showed | 
that less than half of this was pectic material. After purification 
the yield of pectic material was approximately 8 per cent. Pectin : 
A was converted to caleium pectate which on analysis gave 5.3 a 
per cent calcium, 16.3 per cent carbon dioxide, and 19.75 per cent 
furfural. Pectin B, without purification, gave 17.9 per cent car- 
bon dioxide. Calcium pectate prepared from Pectin B gave 7.75 
per cent calcium, 16 per cent carbon dioxide, and 18.77 per cent 
furfural. 
White Spruce Wood, Picea canadensis, Mill, B. S. P.—The 7. 
authors failed to obtain pectic material from the only sample of : 
this wood which they examined. The evidence indicated the ‘§ 
presence of pectic materials in small amounts in the wood. t 


SUMMARY 


1. Methods are deseribed for isolating and purifying pectic 
materials from mature wood. 

2. Pectic materials were isolated from four different species of 
wood, including both hardwoods and soft woods. 

3. Pectic materials are normal constituents of many mature 
woods. They occur apparently in larger amounts in mature 
hardwoods than in mature softwoods. 

4. Pectic materials isolated from wood have the same general Q 
physical properties and chemical composition as those from other 
plant tissues. | 

5. Pectic materials do not have a definite composition but vary 4 
with the treatment to which they are subjected. i 

6. Pectic materials appear to be present in mature wood in 
part as insoluble calcium salts and in part combined with other 
materials. 
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7. Pectic materials in mature wood are apparently laid down 
early in the growth of the tissue and remain unchanged as the 
wood ages. They do not seem to be converted to lignin or hemi- 
celluloses in the wood. 
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STUDIES ON THE CHEMISTRY OF BLOOD COAGULATION 


IV. LIPID INHIBITORS OF BLOOD CLOTTING OCCURRING IN 
MAMMALIAN TISSUE* 


By ERWIN ‘CHARGAFF 


(From the Departments of Biological Chemistry and Surgery, College of 
Physicians and Surgeons, Columbia University, New York) 


(Received for publication, July 31, 1937) 


Recently it has been found and reported in a brief note (1) 


that cerebroside fractions obtained from brain of sheep and pigs 


and from spinal cord of cattle contain a substance of apparently 
lipid nature which acts as inhibitor of the clotting of blood and 


plasma. Since that time a fraction of similar properties has also 


been isolated from blood cells. This apparently new substance 


or group of substances is of interest, since any finding relative to 


the controlling factors of blood clotting, which function in the 


body, will contribute to a final elucidation of the extremely com- 


plicated problem of blood coagulation. 

It is proposed here to describe as concisely as possible the isola- 
tion of the lipid inhibitors from various sources and their proper- 
ties. 

EXPERIMENTAL 


In the course of this work a very large number of fractions were 
collected and assayed as to their action in blood clotting. It 
obviously will be possible to give only a few instances. 


Preparation of Lipid Inhibitor from Sheep Brain 


Fractionation of Brain Lipids—The first organ to be examined, 
sheep brain, proved one of the best sources of the inhibiting lipid 
fraction. 50 brains, weighing about 4.5 kilos, were three times 
passed through the meat grinder. The material then was ex- 


* Study of the mechanism of thrombosis and embolism supported by the 
Carnegie Corporation of New York. 
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tracted with 6 liters of acetone at room temperature for 24 hours. 
The acetone treatment was repeated twice with fresh solvent and 
the organ powder was subsequently treated four times for 24 
hours with freshly distilled ether, 3 liters of the solvent being used 
each time. In the last extraction only a small amount of material 
was removed. The air-dried powder was suspended in 3 liters of 
absolute alcohol and kept at boiling temperature for 5 minutes. 
The hot solution was filtered. The filtrate on being chilled 
deposited a large amount of cerebrosides which were removed by 
filtration. The tissue powder was reextracted with the alcoholic 
mother liquor of the cerebroside precipitates. Five extractions 
sufficed for the almost complete removal of alcohol-soluble cere- 
brosides. ‘To the crude material thus extracted a second cere- 
broside crop was added which had precipitated from the ethereal 
brain extracts on extended cooling. The cerebrosides, the total 
weight of which was 125.0 gm., were dissolved in a warm mixture 
of 1700 cc. of chloroform and absolute alcohol (2:1), and filtered. 
On cooling Fraction A-1 crystallized as 47.04 gm. of snow-white 
protagon “‘crystals.’’ Analysis, found, N 2.2, P 0.5, 8 0.8. 

The precipitate obtained on concentration of the mother liquor 
of Fraction A-1 was recrystallized from chloroform-alcohol (2:1), 
yielding Fraction A-2, 38.41 gm. of a white, not definitely crys- 
talline powder. Analysis, found, N 2.0, P 1.3, 8 0.13. 

Determination of Clotting Time—The anticoagulant activity of 
the various fractions was assayed according to the technique 
recently developed in this laboratory (2). All the determinations 
were carried out in a water thermostat at 30°. The usual sub- 
strate was chicken plasma, either unactivated or activated by the 
addition of muscle extract (2,3). In afew cases human blood and 
recalcified oxalated human plasma were also used. It was quite 
easy to obtain relatively stable emulsions of the lipids examined 
by converting them into a homogeneous paste with a small 
amount of physiological saline, followed by dilution to the de- 
sired concentration. The volumes used throughout were 0.1 
ec. of plasma, 0.03 cc. of the lipid emulsions, and 0.02 ec. of an 
approximately 0.35 per cent solution of the muscle extract prep- 
aration in physiological saline. The readings were carried out 
at intervals of between 6 and 10 minutes with activated plasma 
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and somewhat less frequently when unactivated plasma was 
used. All measurements were made in duplicate. 


Action of Cerebrosides in Blood Clotting—Fraction A-1 which, © 


in Table I. 


TABLE I 
Fraction A-2 from Sheep Brain 


as it would appear from the analytical results, consisted mainly of 
cerebron, kerasin, and the sulfur-containing lipids, was found com- 
pletely inactive in blood clotting. Subfractions obtained by re- 
crystallization from various solvents also proved inactive. On the 
other hand, Fraction A-2, which was considerably richer in phos- 
phatides, exerted a very marked anticoagulant activity, as shown 


Isolation of Lipid Inhibitor—A solution of 7.43 gm. of Fraction 
A-2 in 35 ec. of warm dry pyridine was cooled to —12°, and the 


Amount in 0.1 ec. activated chicken plasma Clotting time 

mg. min, 
0 8 
0.017 8 
0.034 27 
0.068 35 
0.136 72 
0.273 90 
0.546 108 


precipitate filtered off and washed with cold acetone. Fraction 
A-3 consisted of 3.64 gm. of a white powder. This substance 
showed still more marked anticoagulant activity than Fraction 
A-2. Analysis, found, N 2.1, P 2.1, S 0.32. 

From the pyridine filtrate of Fraction A-3 Fraction A-4 was 


obtained by precipitation with acetone as 3.16 gm. of a slightly 


pyridine. 


yellow powder, which showed some anticoagulant properties. 
Analysis, found, N 1.7, P 0.5, 8 0.20. 

Fraction A-3 had about twice the anticoagulant potency of 
A-2, whereas Fraction A-4 was only half as potent as A-2. This 
experiment shows that the inhibitor is but sparingly soluble in 


Fraction A-3 was twice recrystallized from 20 ce. and 10 ce. 
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portions of glacial acetic acid. The resulting fraction, A-5, 
weighed 1.99 gm. and was devoid of any inhibiting properties. 
It consisted mainly of cerebron and kerasin. In the same man- 
ner, a similar, inactive fraction, A-6, weighing 2.60 gm. was ob- 
tained from Fraction A-4. 

The combined acetic acid mother liquors from Fraction A-5 
on addition of acetone yielded Fraction A-7, 0.55 gm. of a yellow- 
ish powder which retained most of the anticoagulant activity 
of Fraction A-3. Analysis, found, N 2.3, P 3.0, 8 0.68. From 
this experiment the inhibitor appears to be easily soluble in 
glacial acetic acid. 

Fraction A-7 (480 mg.) was recrystallized from 8 cc. of methyl 


Tasie II 
Fraction A-8 from Sheep Brain 
| Clotting time 
mg. main. min, | 
0 9 2 4 
0.031 36 
0.062 | 
0.124 | 18 | 100 
0.249 | > 250 51 150 
0.498 | > 250 82 


alcohol in the presence of norit. The resulting fraction, A-8, 
consisted of 230 mg. of a faintly yellow powder. ‘The inhibiting 
effect as exerted by this fraction on the clotting of chicken plasma, 
human plasma, and human blood is shown in Table If. Analysis, 
found, N 2.5, P 2.7. 

From the methyl alcohol mother liquor Fraction A-9 was re- 
covered in the usual manner, 160 mg. of a white powder, which 
was only slightly less active as inhibitor than was Fraction A-8. 
Analysis, found, N 2.8, P 3.5. 

The properties of the lipid anticoagulant (Fractions A-8 and 
A-9) may be summarized as follows: It is insoluble in acetone, 
slightly soluble in cold pyridine and ether, easily soluble in cold 
glacial acetic acid, and can be recrystallized from methyl alcohol or 
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ethyl acetate. With water the typical myelin forms are ob- 
served. All fractions examined contained nitrogen and _ phos- 
phorus, and small amounts of sulfur. The compounds gave no 
Molisch reaction and failed to reduce Fehling’s solution even after 
acid hydrolysis. From the data given above it will be clear that 
the inhibitor will be found in the crude sphingomyelin fraction of 
brain and possibly other organs. 

In order to estimate the amounts of sphingomyelin in our frac- 
tions and to ascertain whether purified sphingomyelin has any 
action on blood clotting, use was made of the crystalline compound 
between sphingomyelin and Reinecke acid, which recently has 
been described by Thannhauser and Setz (4). From 100.1 mg. 
of Fraction A-8 81.4 mg. of a pink crystalline reineckate were 
obtained; from 78.0 mg. of Fraction A-9 69.3 mg. of a similar 
compound. These salts were slightly soluble in cold methyl 
alcohol, insoluble in cold acetone. Assuming that the conversion 
factor of 0.877, as given by Thannhauser and Setz (5), can be 
applied in this case, Fraction A-8 would have contained 71.3 
per cent and Fraction A-9 77.9 per cent of sphingomyelin. The 
purified sphingomyelin preparations which were recovered from 
their reineckates by decomposition with silver nitrate (4) were 
found to be entirely inactive in blood clotting. Because of the 
very small amounts available, it could not yet be determined 
whether that portion which was not precipitated by Reinecke 
acid had retained the anticoagulant activity. 

Levene (6) has shown that an impurity which tenaciously clings 
to the sphingomyelin can be removed by precipitation with ethyl 
alcohol from the solution of the phosphatide in ligroin. Accord- 
ingly, a further purification of the inhibitor was attempted. The 
combined remainder of Fractions A-8 and A-9 (150 mg.) was twice 
recrystallized from ethyl acetate. The resulting fraction, A-10, 
138 mg. of a white powder, was slightly more active than Fraction 
A-8. To a solution of 134.3 mg. of Fraction A-10 in 2 cc. of a 
mixture of ligroin (b.p. 70-90°) and absolute alcohol (5:1) were 
added 6 cc. of absolute alcohol; the mixture was cooled and the 
precipitate which had formed was removed by centrifugation, 
washed with alcohol, and dried. It weighed 12.7 mg. From the 
ligroin-alcohol solution the dissolved material was recovered 
(117.6 mg.) and subjected to a second precipitation with alcohol 
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from ligroin. The second precipitate, which weighed 13.7 mg., 
was combined with the first and designated Fraction A-11. It 
formed a fine slightly yellow powder which on contact with water 
readily formed an opalescent solution. Analysis, found, N 1.9, 
P 26, 8.1.1. 

The soluble portion was recovered by concentration of the 
solution in vacuo and precipitation with acetone. Fraction A-12 
after crystallization from ethyl acetate weighed 98.9 mg. and 
formed a white powder. Its solubility properties were similar to 
those of Fraction A-8. Analysis, found, C 62.4, H 10.8, N 2.6, 
P 3.0, 8 0.7. 

Both Fractions A-11 and A-12 had anticoagulant properties, 


III 
Fractions A-11 and A-12 from Sheep Brain 
Clotting time 


Amount in 0.1 ec. activated 
chicken plasma 


Fraction A-12 


| Fraction 


mq. | min, min. 
0 8 7 
0.010 9 10 
0.020 12 13 
0.040 | 17 22 
0.080 23 61 
0.160 | 34 120 


0. 320 44 153 


Fraction A-12 being co: siderably more active, as shown in Table 
III. It should, however, be noted that in comparison with Frac- 
tion A-8 the purification process applied did not result in any 
marked increase in activity. This fact will be discussed later in 


this paper. 


Experiments on Lipid Inhibitors from Other Sources 


Pig Brain—With one batch of this organ results essentially 
similar to those reported for sheep brain were observed, although 
the various fractions showed a considerably lower activity. Some 
of the cruder fractions had to be assayed with unactivated chicken 
plasma, in order to demonstrate the anticoagulant action. With 
another portion of pig brains it was observed that the clot- 
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ting activator, which is known to be associated with the cephalin 


group (cf. (7)) and ordinarily can be extracted by exhaustive 
treatment of the tissue with ether, was removed with the utmost 
dificulty. Most of the cerebroside fractions collected. still 
showed some thrombokinase activity. In some fractions the 
simultaneous presence of an inhibiting substance could be demon- 
strated. This is due to the fact that the activator and the in- 
hibitor do not seem to neutralize each other. This question will 
be taken up later in this paper. It was attempted to bring about 
the removal of cephalin by treating the cadmium chloride com- 
plexes of the various fractions with benzene, which dissolves the 
eadmium chloride complex of cephalin. These experiments were 
discontinued when it was found that the cerebrosides purified 


TABLE IV 


Fraction E-6 from Beef Spinal Cord 
Clotting time 
Chicken plasma | Activated chicken plasma 


mg. min, min. 
0) | Q7 7 
0.10 135 q 
0. 20 225 14 
0.39 255 Is 
0.78 345 25 


over their cadmium double salts still contained traces of cad- 
mium, even after repeated treatment with 20 per cent ammonia 
in methyl alcohol. The presence of small amounts of cadmium 
could be detected by means of the spot test with dipheny!l- 
earbazide (8). Cadmium salts are known to exert anticoagulant 
activity (9), and we have found that 1 mg. of CdCl,-2H.O 
corresponded to 90 inhibitor units. 

Beef Spinal Cord—-We are indebted to Dr. D. Klein, of The 
Wilson Laboratories, Chicago, for 450 gm. of material representing 
the total benzene extract of spinal cord of cattle. After extrac- 
tion with ether, recrystallization from chloroform-alcohol (2:1), 
and treatment with glacial acetic acid, as described above, 
Fraction E-6 was obtained in a yield of 0.18 per cent of the starting 


j 
— 
} 
| 
| 
| | 
| 
: 
. 
| 
; | 
| 
| | 
| | 
i 
$ 
| 
i 
2 
4 | 
a 
2 
> 
t 


182 Chemistry of Blood Coagulation. IV 


material, which had the anticoagulant properties shown in 
Table IV. 

Sheep Blood —A mixture of 3.5 liters of blood and a solution of 
9.4 gm. of sodium oxalate in 1.2 liters of isotonic saline was cen- 
trifuged for 30 minutes. The supernatant plasma was drawn off 
and worked up separately. The sedimented blood cells were 


several times washed with saline containing 0.1 per cent of sodium 


oxalate and with pure saline in the cold, and dehydrated with 
acetone. They then were extracted in a continuous all-glass 
extractor (fitted with a porous glass filter plate) with acetone, 
ether, and a mixture of 3 parts of methyl alcohol and 1 part of 
chloroform. The defatted cells weighed 146.1 gm. From the 
methyl aleohol-chloroform extract Fraction F-1 was obtained, 


TABLE V 
Fraction F-6 from Blood Cells of Sheep 


Amount in 0,1 ec. activated chicken plasma Clotting time 
mg. min. 
0) 7 
0.031 1s 
1). 062 25 
0.125 32 
0.250 49 


0.501 Os 


490 mg. of a brown powder. This preparation was found to con- 
tain both activator and inhibitor. 

The blood cells were then twice extracted with a total volume of 
1000 ec. of boiling absolute alcohol. In this way Fraction F-6 
was obtained as 460 mg. of a brown powder. This substance was a 
potent anticoagulant, as shown in Table V. Treatment with 
warm glacial acetic acid resulted in the removal of some insoluble 
inert material. From the acetic acid solution an active substance 
was obtained, Fraction F-7, weighing 213.6 mg. Preliminary 
experiments indicated that the active substance was soluble in 
chloroform-ethyl acetate (1:3). The coloring impurities can be 
removed by slow filtration of a dilute solution of the inhibitor in 
methyl alcohol-ligroin (9:1) through an adsorption column con- 
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taining aluminum oxide (activated according to Brockmann). 
The inhibitor itself is not adsorbed. 

The oxalated plasma which had been freed of blood cells was 
worked up separately. All the lipid fractions obtained showed 
activating effects only. 

Influence of Cephalin on Anticoagulant Action of Lipid In- 
hibiter-—It has been mentioned above that fractions were ob- 


TABLE VI 


Lipid Fractions Containing Activator and Inhibitor, Tested on Unactivated 
Chicken Plasma 


Fraction : Amount in 0.1 ec. plasma Clotting time 
mg. min, 
D-3 (pig brain) Control 95 
0.062 40 
0.125 | 45 
0.250 65 
| 0.500 75 
D-15 (pig brain) Control 100 
0.200 20 
0.400 30 
| 0. 800 65 
E-4 (beef spinal cord) | Control 90 
| 0.104 38 
0.208 45 
0.417 52 
| 0.834 68 
F-1 (sheep blood cells) Control 114 
| 0.120 35 
0.240 45 
55 


0.480 


_ tained quite frequently which seemed to contain both activators 
and inhibitors of blood clotting. This inference is based on a 
number of tests in which characteristic results were obtained, a 
selection of which is arranged in Table VI. It will be seen that, 
while the fractions tested had a certain activating effect inasmuch 
as the controls invariably clotted last, the clotting times observed 
were directly proportional to the amounts used, instead of in- 
versely proportional, as would be the case for an ordinary acti- 
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vator (cf. (7) Table 11). In the case of inhibitors the clotting 
times evidently are directly proportional to the amount of sub- 
stance applied. For the time being, the only explanation which 
can be advanced is that these fractions consist of a mixture of 
activator and inhibitor having different reaction mechanisms or 
reaction speeds of a different order of magnitude, so that by the 
superimposition of two antagonistic effects the peculiar picture 
here discussed is produced. It will be the subject of future work 
to develop a method for the dissociation of such mixtures. So 
far, experiments along this line have been unsuccessful. 


DISCUSSION 


It is not yet possible to decide whether the lipid inhibitor 
described in the present article fias any important physiological 
function among the factors which may be assumed to control the 
normal behavior of blood in the body. The fact that it has been 
found in various organs and even in blood, although interesting, 
does not necessarily imply that it plays an essential rdle. The 
same reservation, of course, applies equally to heparin, as has 
been recently pointed out (1). Purified heparin, when tested 
in vitro, shows a higher anticoagulant effect than our lipid frae- 
tions. On the other hand, the fact that the activater of blood 
coagulation associated with the cephalin group and the inhibitor 
here described, which is associated with the sphingomyelin group, 
both have the general characteristics and properties of a lipid 
substance may appear of significance. 

It is highly unlikely that the activity of our preparations is due 
to a contamination with heparin. The solubility properties of 
the latter compound are entirely different; for instance, glacial 
acetic acid is a very good solvent for the lipid inhibitor, while it 
is extensively used in the purification of heparin as a precipitating 
agent (10). 

It will be possible to gain an insight into the chemical nature of 
the lipid inhibitor only after a larger amount of purified material 
has been accumulated. For the present, two points should be 
mentioned. One concerns the fact, which has often been ob- 
served, that a drop in activity occurs when the solution of. the 
inhibitor in ligroin is treated with alcohol. This decrease in 
anticoagulant potency appears to be irreversible, since even 4 
mixture of the two fractions obtained is less active than the ori 
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ginal material. .\ plausible explanation may be found in the 
application of an idea familiar in enzyme chemistry: that of a 
specific carrier substance which is essential for the activity of a 
particular enzyme. Although in general the carriers are consid- 
ered to be proteins, there is no reason to exelude the possibility 
of the existence of lipid carners. Sphingomyelin, for instance, 
because of its physical properties and its amphoteric character 
could very well act as a carrier substance. 

The second question which should be discussed is whether the 
lipid inhibitor contains sulfur. The occurrence of sulfurie acid 
esters of cerebrosides in brain has often been demonstrated (cf. 
(11)). That sulfune acid esters of polysaccharides and other 
substances of high molecular weight act as extremely potent 
anticoagulants is a well established fact (12-14). The arguments 
which speak against the assumption that the lipid inhibitor is a 
sulfuric acid derivative are: (1) Those brain lipid fractions which 
contain most of the sulfur, e.g. Fraction A-1 from sheep brain, are 
devoid of anticoagulant activity. On the basis of its sulfur con- 
tent Fraction A-1 contains about 23 per cent of cerebroside mono- 
sulfuric acids. (2) The solubility properties of the lipid inhibitors 
described in this paper are different from those of cerebron 
sulfuric acid isolated by Blix (11). In answer to these objections 
it could be argued that there may occur in nature complex sulfur- 
containing acids of different types; e.g., sulfuric acid esters and 
sulfonic acids. It is by no means established that the anticoag- 
wlant activity of heparin, as compared with the inactivity of 
chondroitinsulfuric acid, is due merely to a higher percentage of 
combined sulfuric acid. 

The arguments in favor of the lipid inhibitor being a derivative 
of sulfuric acid are: (1) In the course of the purification of the 
lipid inhibitor there is a marked increase in the sulfur contents of 
the consecutive fractions. Whereas the starting material, Frac- 
tion A-2, contained 0.13 per cent sulfur, Fraction A-3 contained 
0.32 per cent, Fraction A-7 0.68 per cent, Fraction A-11 1.1 per 
cent, and Fraetion A-12 0.7 per cent. (2) Sphingomyelin sul- 
furic acid, which has not yet been isolated, is likely to have the 
solubility properties of sphingomyelin and would not be found in 
the original fractions richest in sulfur, the bulk of which consists 
of cerebron, kerasin, and their derivatives. (3) In Paper V 
(15), following, it is shown that cerebroside sulfuric acids can be 
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synthesized which possess a high degree of anticoagulant potency. 
(4) It has recently been found (16) that the anticoagulant effeet 
exerted by heparin and certain other sulfuric acid derivatives is 
almost completely stopped by the addition of a protamine, e.g. 
salmine. This is probably due to the formation of insoluble salts 
with the sulfuric acid derivatives. It has been observed that both 
the lipid inhibitors and the synthetic cerebroside sulfuric acids are 
equally affected by the addition of salmine, whereas anticoagulants 
which do not belong to this group (sodium citrate, sodium oxalate) 
are not. 


Thanks are due to Dr. M. Stanley-Brown and Dr. K. B. Olson 
for help in the preparation of the chicken plasma used in the tests, 
to Mr. W. Saschek for a large number of microanalyses, and to 
Mr. L. Hammer for general assistance in the course of these ex- 
periments. 

SUMMARY 


A lipid fraction inhibiting the coagulation of blood and plasma 
has been found in the brain of sheep and pigs, in the spinal cord of 
cattle, and in the blood cells of sheep. The isolation and _ purifi- 
cation of the material are described, and the significance of the 
findings is discussed. 
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STUDIES ON THE CHEMISTRY OF BLOOD COAGULATION 


V. SYNTHETIC CEREBROSIDE SULFURIC ACIDS AND THEIR 
ACTION IN BLOOD CLOTTING* 


By ERWIN CHARGAFF 


(From the Departments of Biological Chemistry and Surgery, College of 
Physicians and Surgeons, Columbia University, New York) 


(Received for publication, July 31, 1937) 


In Paper IV of this series (1) the isolation from brain and other 
organs of a lipid fraction was described which appears to be 
associated with the sphingomyelin group and markedly inhibits 
the clotting of blood and plasma. One of the possible explana- 
tions for the activity of this fraction was that it contained a lipid 
sulfuric acid ester or a number of such substances. The impor- 
tance of the combination with sulfuric acid for the anticoagulant 
activity of compounds of high molecular weight has been recog- 
nized for some time (2-4). The occurrence of sulfur-containing 
lipids in brain and other organs has often been demonstrated 
(5, 6). A discussion of the various arguments for and against 
the lipid inhibitor being a sulfuric acid derivative will be found 
in Paper IV. 

Experiments undertaken with the aim of introducing sulfuric 
acid groups into cerebrosides have given interesting results. 
Cerebron or kerasin, when suitably purified according to the usual 
methods, is completely inactive in blood clotting. The intro- 
duction into these cerebrosides of a small amount of sulfuric acid 
by means of chlorosulfonic acid and dry pyridine is sufficient to 
produce potent anticoagulants which still show all the charae- 
teristics of lipid substances. 

As is to be expected, the condensation of cerebrosides with 
chlorosulfonic acid leads to a series of sulfurie acid esters of 
varying sulfur content. In the case of kerasin the potassium 


* Study of the mechanism of thrombosis and embolism supported by the 
Carnegie Corporation of New York. 
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salt of a disulfuric acid could be isolated together with a less 
soluble fraction containing more than three sulfuric acid groups 
in the molecule. Both fractions showed anticoagulant activity. 
In the case of cerebron only a fraction with a low sulfur content 
could be sufficiently purified. It is remarkable that this sub- 
stance which contained only 1.9 per cent S had very marked 
inhibiting properties. This fact, when contrasted with the 
inactivity of such substances as chondroitinsulfuric acid, supports 
the assumption, discussed in Paper IV, that naturally occurring 
substances which all appear to be sulfuric acid esters may belong 
to entirely different types of sulfuric acid linkage. According to 
their structure, the maximal amount of sulfuric acid groups which 
‘an be introduced is six in the case of cerebron and five in the 
ease of kerasin. The preparation of such fully esterified sub- 
stances will be investigated. 

In connection with the experiments on cerebroside  sulfurie 
acids it naturally was interesting to investigate the possibility 
of preparing sulfuric acid derivatives of sphingomyelin. Up to 
now, these experiments have been only partly successful. After 
condensation of sphingomyelin with chlorosulfonic -acid it has 
been possible to isolate fractions with considerable anticoagulant 
activity which, however, gave much higher sulfur values than 
could be expected for the theoretically possible sulfuric acid 
ester. This problem, therefore, will have to be reserved for the 
future. 

In the course of the purification. of sphingomyelin from sheep 
brain experiments were carried out with regard to the precipitation 
of this phosphatide as Reinecke salt, as described by Thannhauser 
and Setz (7), and to the properties of the purified compound. 
The details will be given below. Without entering into a dis- 
cussion of the existence of a “polydiaminophosphatide’’ and the 
possibility of proving its composition by analysis of its reineckate, 
we may point out that the analytical figures for our Reinecke 
eompound from sheep brain are generally in fair agreement with 
the values calculated by Thannhauser and Setz (7) for a trimeric 
sphingomyelin. Only the phosphorus values both of the Reinecke 
compound and of the free phosphatide obtained from it are too 
low. Thannhauser and Setz (7) do not report the P values of 
their compounds. 
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EXPERIMENTAL 
Cerebron Sulfuric Acid 


Preparation of Cerebron—The isolation of the cerebrosides from 
sheep brain and the separation of cerebron and kerasin were 
earried out essentially according to the methods of Rosenheim (8). 
The substance which finally was recrystallized from chloroform- 
acetone Was free of phosphorus. When heated in a closed capil- 
lary tube, it began to soften at 126.5°,' became transparent at 
168°, and formed a meniscus at 206°. 

Introduction of Sulfuric Acid—2.07 gm. (0.0025 mole) of cerebron 
were dissolved in 10 ce. of dry pyridine, the mixture was cooled 
to —12°, and 0.30 gm. (0.0026 mole) of chlorosulfonie acid was 
slowly added. After the vigorous reaction had subsided, the 
mixture was slowly warmed to 38° and kept at that temperature 
for 2 hours. Part of the pyridine was removed in vacuo, acetone 
was added to the residue, and the precipitate was filtered off. 
The crude pyridine salt, which was easily soluble in ethyl alcohol, 
was converted into the potassium salt by the addition of aleoholic 
KOH to the solution in aleohol until the mixture reacted alkaline 
towards litmus. On addition of KOH the potassium salt, which 
was much less soluble in alcohol than the pyridine salt, began to 
precipitate immediately. The potassium salt was twice recrystal- 
lized from chloroform and once from glacial acetie acid. It 
formed 1.02 gm. of a white powder. The solubility properties 
of this compound are similar to those of cerebron, but it is some- 
what less soluble in most solvents. With water it forms very 
stable emulsions. When heated in a closed capillary tube, it 
softens at 111° and melts with decomposition at 211-212°. The 
inhibiting effect of this substance on the clotting of blood and 
plasma is shown in Table I. The tests were carried out in the 
same way as with the lipid inhibitors (1). Analysis, found, 
C 63.3, H 10.4, N 1.7, 58 1.9, K 2.0. 

A second fraction which was insoluble in chloroform and had a 
higher sulfur content could not be sufficiently purified because 
of its extreme insolubility. 

In a second experiment 2.07 gm. (0.0025 mole) of cerebron in 
pyridine were treated with 0.60 gm. (0.005 mole) of chloro- 


‘ All melting points reported in this paper are corrected. 
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sulfonie acid. The resulting material was recrystallized from 
glacial acetic acid and from chloroform-methyl alcohol (2:1), 
(Again a considerable part of the material was insoluble in chloro- 
form.) The potassium salt of the sulfuric acid ester obtained, 
1.15 gm. of a white powder, was very similar both in composition 
and activity to the substance described above. Analysis, found, 
N 1.8, 8 1.9. 
Kerasin Sulfurte Acid 


Preparation of Kerasin—The kerasin used was obtained from 
sheep brain and separated from the cerebron fraction according 
to Rosenheim (8). When heated in a closed tube, it became 
transparent at 197° and formed a meniscus at 209° (with de- 
composition ). 


TABLE | 
Activity of Cerebron Sulfuric Acid 


Clotting time 


Activated chicken plasma | Human blood 
mg. | min. min, 
0 10 
0.092 18 15 
0.184 31 20 
0.369 47 30 
85 


0.738 | 


Introduction of Sulfuric Acid—-2.03 gm. (0.0025 mole) of kerasin 
in 20 ec. of dry pyridine were treated with 0.60 gm. (0.005 mole) 
of chlorosulfonic acid, as described above. The pyridine was 
distilled off in vacuo. The residue was converted into the potas- 
sium salt. The erude compound was dissolved in 25 ec. of warm 
chloroform and 40 cc. of glacial acetic acid warmed to 60° were 
added. The substance which crystallized weighed 2.40 gm. and 
proved to be a very potent anticoagulant. Of this compound 
2.04 gm. were dissolved in 80 cc. of boiling benzene. An insoluble 
material was removed from the hot solution by centrifugation 
and washed several times with warm benzene. The benzene 
solution was concentrated to a volume of 20 ec. and 40 ce. of 
warm ethyl acetate were added. The potasszum salt of kerasin 
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disulfuric acid, which crystallized from the solution, weighed 
0.60 gm. and had a decomposition point of 192°. The anti- 
coagulant activity of this substance is shown in Table II. 


Analysis Calculated. N 1.3, 56.1 
(1048 0) Found. 


The material insoluble in boiling benzene formed a brittle grayish 
mass, Weighing 1.24 gm. It had a decomposition point of 202°. 
It showed some anticoagulant activity, but was much weaker 
than the disulfurie acid. 


Analysis—-Found. N 0.9, S 7.1. N:S = 1:3.4 
Tasie Il 
Activity of Kerasin Disulfurie Acid 


Amount in 0.1 ee. activated chicken plasma Clotting time 


ma. min, 
0) 10 
0.033 20 
0.066 50 
0.131 90 
(). 262 210 


1}. 525 > 330 


Experiments with Sphingomyelin 


The crude cerebrosides obtained from 50 brains of sheep were 
recrystallized from 1200 ce. of chloroform-absolute alcohol (2:1). 
The protagon which crystallized, 37.2 gm. of a white powder, 
mainly contained cerebron and kerasin. The mother liquor 
was evaporated in vacuo and the residue recrystallized from 150 
ee. of chloroform-absolute alcohol. The resulting fraction, 36.5 
gm. of a white powder, contained most of the sphingomyelin. 
This fraction was recrystallized from pyridine and twice extracted 
with glacial acetic acid, in order to remove the cerebrosides 
insoluble in this solvent. The crude sphingomyelin, 12.5 gm., 
was dissolved in 100 ce. of a mixture of 5 parts of ligroin (b.p.70— 
90°) and 1 part of absolute alcohol and 180 ec. of absolute alcohol 
were added. This precipitation was once repeated. The mate- 
rial insoluble in aleohol weighed 4.1 gm. and formed a slightly 
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yellow powder which gave an opalescent solution in water. The 
sphingomyelin isolated from the solution in ligroin-aleohol weighed 
6.6 gm. 

From 2.03 gm. of this compound the Reinecke salt was prepared 
according to Thannhauser and Setz (7). Sphingomyelin reineckate 
formed 1.75 gm. (corresponding to 1.53 gm. of sphingomyelin) 
of a pink crystalline powder, insoluble in cold acetone, slightly 
soluble in cold methyl alcohol, which, when heated in a closed 
tube, showed a decomposition point of about 165°. 


Analysis 153: S.C r(aceording to Thannhauser and Setz (7)) 


(2584 6) 
Caleulated. 60.8, H 10.3, 


Reported for reineckates from 
Liver (7). Found. C 610, H 10.6, N59 


The reineckate was decomposed with silver nitrate and the 
resulting sphingomyelin twice recrystallized from ethyl acetate- 
chloroform (2:1). It was obtained as 1.2 gm. of a white micro- 
crystalline powder, which, when heated in a closed capillary tube, 
softened at 150°, became transparent at 182°, and melted to a 
meniscus at 190°. Analysis, found, C 62.6, H 11.2, N 3.7, P 2.8. 

With regard to the introduction of sulfuric acid several experi 
ments were carried out in which 1 to 4 equivalents of chloro- 
sulfonic acid were made to react with the phosphatide dissolved 
in dry chloroform-pyridine (2:1). In all cases potassium salts 
were obtained which were insoluble in glacial acetie acid and 
possessed marked anticoagulant properties. As mentioned before, 
attempts at a sufficient purification of these substances have 
not yet been successful. 


Thanks are due to Mr. W. Saschek for the microanalyses and to 
Mr. L. Hammer for assistance in the course of these experiments. 


SUMMARY 


The synthesis of sulfuric acid esters of the cerebrosides cerebron 
and kerasin is described. It is shown that these substances 
possess marked anticoagulant activity. Experiments are also 
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reported on the preparation of sphingomyelin from sheep brain 
and the introduction of sulfuric acid into this phosphatide. 
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CHEMO-IMMUNOLOGICAL STUDIES ON THE SOLUBLE 
SPECIFIC SUBSTANCE OF PNEUMOCOCCUS 


III. THE STRUCTURE OF THE ALDOBIONIC ACID FROM THE 
TYPE III POLYSACCHARIDE 


By ROLLIN D. HOTCHKISS ann WALTHER F. GOEBEL 


(From the Hospital of The Rockefeller Institute for Medical Research, 
New York) 


(Received for publication, July 15, 1937) 


It has been shown in studies from this laboratory that the im- 
munological properties of carbohydrates are determined by their 
chemical structure and configuration. When the specific cap- 
sular polysaccharides of pneumococcus Types III and VIII are 
hydrolyzed with mineral acid, there appears in the hydrolysate 
an aldobionic acid, a glucose-glucuronide (1,2). The Type III 
polysaccharide is built up entirely of molecules of this disaccharide 
acid, while the Type VIII carbohydrate contains additional glu- 
cose residues as well. It has been suggested that this aldobionic 
acid is the chemical unit which accounts for the serological cross- 
reactions exhibited by these two polysaccharides in antipneumo- 
coecus horse sera. Accordingly it has become desirable to ascer- 
tain the constitution of the glucose-glucuronide common to the 
capsular polysaccharides of Types III and VIII. The present 
communication reports the results of an investigation to elucidate 
the structure of this substance. 

The purified aldobionie acid was methylated with dimethyl 
sulfate and alkali followed by treatment with methyl iodide and 
silver oxide, yielding a crystalline hexamethyl-§-methylglycoside 
methyl ester and a syrupy isomer. ‘The former substance, when 
saponified with dilute alkali, was converted into erystalline hexa- 
methyl aldobionic acid B-methylglycoside. The latter free acid 
derivative was hydrolyzed by boiling with 1.5 N hydrochloric acid 
for several hours, giving 2,3,6-trimethylglucose and 2,3,4-tri- 
methylglucuronic acid in good yields. The glucose derivative 
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was crystalline and identical in all of its properties with an au- 
thentic sample of 2,3,6-trimethylglucose prepared from octa- 
methyllactose (3). The trimethylglucuronic acid was identified 
by its specific rotation and analysis, and by conversion into erystal- 
line 2,3,4-trimethyl-8-methylglucuronide, identical in properties 
with a sample of the same substance prepared by direct methyla- 
tion of pure glucuronic acid (4). 

Isolation of a trimethylglucuronic acid having a 1,5 oxygen 
bridge is ample demonstration that the aldobionice acid itself is a 
glucuronopyranoside, A stable pyranose configuration is to be 
expected in view of the fact that the aldobionic acid resists pro- 
longed treatment with boiling N sulfuric acid during its prepara- 
tion from the polysaccharides. The position of the oxygen bridge 
in the glucose portion of the disaccharide may not be so readily 
inferred. The occurrence of 2,3,6-trimethylglucose among the 
hydrolysis products of a completely methylated carbohydrate 
usually indicates a glycoside linkage between 1 sugar molecule and 
the 4th carbon atom of a glucopyranose residue. However, the 
possibility remains that the biose linkage in the aldobionie acid 
could involve the 5th earbon atom of a glucofuranose residue. 
That this is not the case has been shown by a study of the rate of 
hydrolysis of the hexamethyl-6-methylglycoside derivative in N 
hydrochloric acid at 100°, as determined by the liberation of re- 
ducing sugar. The apparent velocity constant calculated for a 
unimolecular reaction by the method of Guggenheim (5) is 10 
x 10°° min.-' computed for 0.01 N hydrochloric acid. This 
value is of the same order as that found by Haworth and Hirst 
(6) for tetramethyl methylglucoside (A = 23 & 107° min.“ in 
natural logarithms), and is very different from the values ob- 
tained for the hydrolysis of furanosides, which are 100 or more 
times larger. Although the aldobionic acid derivative contains 
two different glycosidic linkages which hydrolyze simultaneously, 
it is obvious that if one of them were a furanoside the apparent 
velocity constant would be much greater than the value obtained. 
The aldobionic acid can definitely be formulated, therefore, as a 
glucopyranose-4-glucuronopyranoside. 

Thus far it is not possible to state whether the biose linkage has 
the a or 8 configuration; that is, whether the aldobionic acid is of 
‘the maltose or cellobiose type. However, certain information 
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derived from molecular rotation data indicates clearly the occur- 
rence of the 6 linkage. The aldobionic acid may be regarded, 
therefore, as cellobiouronic acid. 

The molecular rotations in chloroform of the known acetylated 
derivatives of glucuronic acid methyl ester differ from those of the 
corresponding acetylated glucose derivatives of the same con- 
figuration by an approximately constant amount. If, in penta- 
acetylglucose, A represents the molecular rotation due to the 
glycosidic carbon atom bearing an acetyl group, and G the rotation 
due to the remainder of the molecule, the molecular rotation of 
a-pentaacetylglucose is (7) G + A = 39,600° (a). Since the 
rotation due to the glycosidic carbon atom is approximately the 
same for all sugar acetates of the d series, the molecular rotation 
for a-tetraacetylglucuronic acid methyl ester is (8) Glr + A = 
36,800° (6), in which Glr symbolizes the molecular rotation due to 
the remaining 5 carbon atoms of the uronic acid molecule. By 
subtracting (b) from (a), one obtains G — Glr = 2800° (c). Sim- 
ilarly, for B-acetates of the two sugars, according to the data 
from the literature (7,8), @ — Glr = 1480° — 3300° = —1820° 
(d). Krom the work of Hudson (7, 9), and Freudenberg (10) one 
would expect, in the case of disaccharides, the difference G — 
Gir to remain approximately constant whenever the acetylated 
glucose or glucuronic ester is linked, with the same configuration, 
to identical constituents. That this is true is evident from a com- 
parison of the molecular rotations of the acetates of gentiobiose 
(glucose-6-6-glucoside) and gentiobiuronic acid (glucose-6-6- 
glucuronide). If the molecular rotation of a-heptaacetylgentio- 
biuronic acid methyl ester (11) is subtracted from that of a- 
octaacetylgentiobiose (7) one obtains G — Glr = 35,500° — 
32,200° = 3300° (e). From the corresponding §-heptaaceiy! 
ester and 8-octaacetate, G — Glr = —3590° — (— )7300° = 3710°(f). 

By using the average value of equations (c) to (f), G@ — Glr = 
2000°, one can calculate the molecular rotations of the hypo- 
thetical a-heptaacetyl methyl ester of glucose-4-(a@ and £)-glu- 
curonides. By subtracting 2000° from the value for a-octaacetyl- 
maltose (glucose-4-a-glucoside) we have 83,000° — 2000° = 
81,000° as the expected molecular rotation of the a-heptaacetyl 
methyl ester of glucose-4-a-glucuronide. Similarly from a- 
octaacet ylcellobiose (glucose-4-8-glucoside) one may calculate the 
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value 27,800° — 2000° = 25,800° for the a-heptaacetyl methyl] 
ester of glucose-4-8-glucuronide. The a-heptaacetyl methyl 
ester of the aldobionie acid from pneumococcus has a molecular 
rotation of 27,100° (2) and is obviously the 6-glucuronide. The 
parent aldobionic acid is accordingly the glucose-4-8-glucuronide 
shown in the accompanying diagram. 


H OH CH.OH 


COOH H OH 


The close relationship of this disaccharide to cellobiose is of 
interest, since it suggests a relationship of the pneumococcus 
Type III and VIII polysaecharides to cellulose. The manner in 
which the aldobionic acid molecules themselves are linked to each 
other and to glucose in the polysaccharides is not known at pres- 
ent. If, however, the uronic acid residue is linked as a 8-glyco- 
side on the 4th carbon atom, as seems quite possible, the poly- 
saccharides may be visualized as long cellulose-like chains in which 
certain of the sugar residues have been oxidized to glucuronic 
acid. The structure of these two polysaccharides is being inves- 
tigated further in this laboratory. 

EXPERIMENTAL 

Preparation of Brucine Aldobionate—-The barium salt of the 
aldobionic acid was prepared from the Type III pneumocoecus 
polysaccharide as previously described (1, 2). 12 gm. of crude 
salt were dissolved in 500 ce. of HeO and treated with a slight ex- 
cess of aqueous brucine sulfate at 60°. After centrifugation to 
remove barium sulfate, treatment with charcoal, and conecentra- 
tion in vacuo, the brucine salt crystallized. About 10 gm. were 
recovered, and after several reerystallizations from 75 per cent 
acetone, 7.2 gm. of pure salt were obtained, melting at 187-188° 
(uncorrected) with decomposition. The material appears to con- 
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tain 2 molecules of water of erystallization. (Calculated, HO 
4.58; found, 4.47.) After drying at 100°, the following analytical 
constants were observed. 


lal, = —14.7° (at 3 min.) changing to —15 7° (water solution, c = 1.5) 
A nalysis— o( COOH ) ‘og HogN2O,) 

Caleulated. C 56.0, H 6.18, N 3 73 

Found. * 6.41,“ 3.83 


Heptaacetyl Methyl Ester of Aldobionic Acid--In order to show 
that the crystalline brucine salt is a derivative of the amorphous 
aldobionic acid previously studied (2) a portion was converted 
into the heptaacetyl methyl ester. 1 cc. of a solution containing 
150 mg. of sodium aldobionate was acidified with 0.1 ce. of 6 N 
hydrochloric acid and dissolved in 150 ec. of absolute methanol. 
The solution was treated with an excess of diazomethane in ether, 
neutralized with calcium carbonate, filtered, and concentrated 
in vacuo. The residue was acetylated with pyridine and acetic 
anhydride. The crude product (135 mg.) gave after several re- 
erystallizations a small amount of silky needles melting at 249° 
(uncorrected). The melting point was not depressed when these 
crystals were mixed with a sample of the heptaacetyl methyl 
ester prepared from the aldobionic acid of Type III and VIII 
polysaccharides as previously described (2). The mother liquors 
gave a crude crystalline product melting at about 205° and having 
a specific rotation lower than that of the crystals melting at 249°. 
It seems certain, therefore, that the substance melting at the 
higher temperature is the a-heptaacetate and not the 8 form as 
originally suggested. 

Methylation of Aldobionic Acid—6.16 gm. of the pure brucine 
salt of the aldobionic acid (corresponding to 2.79 gm. of aldobionic 
acid) were dissolved in 200 ec. of water. An excess of sodium 
hydroxide was added and the precipitated brucine filtered off. 
The filtrate and washings after extraction with chloroform were 
neutralized with sulfuric acid and concentrated in vacuo to 20 cc. 
1 cc. was removed for the preparation of the heptaacetyl methyl 
ester as described above. The remainder was methylated at 
35° and later at 50°, a total of 20 cc. of dimethyl sulfate and 45 
ee. of 30 per cent sodium hydroxide being used. After heating at 
100° for 4 hour the mixture was acidified and extracted with 
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chloroform. The aqueous layer was neutralized, concentrated, 
and remethylated after removal of sodium sulfate with alcohol. 
The combined chloroform extracts from the first and seeond 
methylations yielded 3 gm. of viscous syrup. 

The syrup was treated with 30 cc. of methyl iodide and 10 gm. 
of silver oxide added in portions at 45°. The mixture when ex- 
tracted with chloroform gave 2.7 gm. of a syrup. Without being 
submitted to distillation, the material was induced to crystallize; 
1.8 gm. of erude crystalline substance were obtained. After 
recrystallization from ether-petroleum ether 1 gm. of prismatic 
needles was recovered, melting sharply at 113-113.5° (unecor- 
rected). From the analytical constants it is obvious that the 
substance is the hexamethyl-8-methylglycoside methyl ester of 
the aldobionie acid. 


irs = —32.2° (water, c = 1.3) 

Analysis—C 
Calculated. C 51.3, H 7.75, OCH; 53.0, COOCH; 12.60 
Found. 12 56 


The non-crystalline fraction of the syrup had a higher specific 
rotation than the crystalline. The latter is assumed to be the 
6-methylglycoside. 

Hexamethyl-B-Methylglycoside of Aldobionic Acid—0.9 gm. of 
the hexamethyl-6-methylglycoside methyl ester was dissolved 
in a slight excess of 0.1 N sodium hydroxide at 100°. The solution 
was acidified and extracted with chloroform. When dried and 
concentrated in vacuo the extracts left a syrupy residue which 
erystallized spontaneously when dissolved in absolute ether. The 
product was recrystallized from ether, yielding 0.75 gm. of needles 
melting sharply at 171.5-172° (uncorrected). 


lao = —32.6° (water, c = 0.8) 

A nalysis “C,H .0;(OCH;)7(COOH) 
Caleulated. © 50.2, H 7.54, OCH; 47.8, COOH 9 91 


Hydrolysis of Hexamethyl-8-Methylglycoside—0.79 gm. of hexa- 
methyl aldobionic acid 6-methylglycoside was dissolved in 34 ce. 
of 1.5 N hydrochloric acid and boiled under a reflux condenser. 
The optical rotation of the solution remained constant at +3.2° 
(observed in a 2 dm. tube) after 5 hours. The solution was neu- 
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tralized with barium carbonate and evaporated to dryness in 
vacuo. The residue was extracted repeatedly with ether. From 
the ether solution was obtained 0.26 gm. of crystalline trimethyl- 
glucose, which on recrystallization yielded characteristic long 
needles melting at 113.5-114° (uncorrected). A mixture of the 
substance with an authentic sample of 2,3,6-trimethylglucose 
(m.p. 113-114°) prepared from octamethyllactose (3), melted 
likewise at 113.5-114°. Its specific rotation in water (¢ = 0.3) 
was [a] = +96.6° (5 minutes after solution), changing to a 
final constant value of +70.7°. Irvine and Hirst (12) give +90.2° 
and 70.5° respectively as the initial and final values for 2,3,6- 
trimethylglucose in aqueous solution. 


Calculated, OCH; 41.9; found, OCH; 41 5 


The residue of dry barium salts containing the methylated 
uronic acid was dissolved in water, treated with 1.55 ce. of N 
sulfuric acid, and evaporated to dryness. Extraction of the 
residue with ether vielded 0.33 gm. of a pale yellow syrup, which 
showed the following specifie rotation and analysis. 


[alo = +54.3° (equilibrium value in water, c = 0.5) 
Calculated. OCH, 39.4 
Found. 


Challinor, Haworth, and Hirst (4) report the value of +58° for 
2,3,4-trimethylglucuronic acid prepared in a similar way from 
galactose-6-8-glucuronide. 

Treatment of 0.21 gm. of the syrupy trimethylglucuronie acid 
with dimethyl sulfate and alkali at 35° and 55° gave 0.18 gm. 
of methylated product. From this there was isolated 0.03 gm. 
of the crystalline 8-methylglycoside, melting at 134-135° (un- 
corrected) and showing 


= —31° (water, = 0.2) 

Analysis 
C‘aleulated. OCH; 49.6, COOH 18.0 
Found. 


A melting point of 134-135° was observed for a mixture of this 
substance with 2,3,4-trimethylglucuronide prepared from pure 
glucuronic acid (4). 
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Kinetics of Hydrolysis of Hexamethyl Aldobionic Acid p- 
Methylglycoside—0.070 gm. of the hexamethyl-8-methylglycoside 
of the aldobionic acid was dissolved in 50 ec. of N hydrochlorie 
acid and boiled under a reflux condenser. Samples were with- 
drawn at intervals and the amount of reducing sugar determined 
by the Hanes modification (13) of the Hagedorn-Jensen method. 
Table I shows the average volume of 0.01 N thiosulfate required 
for the back titration of the ferricyanide reduced by duplicate 
2.0 ce. portions. 

The reaction velocity constant for the hydrolysis was calculated 
by the method of Guggenheim (5). The apparent velocity con- 
stant at 100° is & = 10 & 10°* min. ! for N hydrochloric acid, or 
assuming proportionality to the hydrogen ion concentration, k = 
10 min.'! for 0.01 hydrochloric acid. When recalculated 
on the basis of natural logarithms, the values found by Haworth 


TABLE I 
Time, min................| 0 | 30 | 60 | 120 | 210 | 360 | 540 
0.01 thiosulfate, cc...... 12.21 11.11 10.27 908 841 7.75 741 


and Hirst (6) for pyranosides in 0.01 N acid at 100° range from 
9 10°to 70 K 10°° min. The corresponding constants for 
the furanosides range from 600 & 107° to 11,000 K 107°. 


SUMMARY 


The aldobionic acid from the specific capsular polysaccharides 
of Types III and VIII pneumococcus has been shown to be glu- 
cose-4-8-glucuronide. The relationship to cellobiose has been 
discussed. 
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CHEMICAL STUDIES ON THE VIRUS OF 
TOBACCO MOSAIC 


X. THE ACTIVITY AND YIELD OF VIRUS PROTEIN FROM 
PLANTS DISEASED FOR DIFFERENT PERIODS OF TIME 


By W. M. STANLEY 


(From the Department of Animal and Plant Pathology of The Rockefeller 
Institute for Medical Research, Princeton) 


(Received for publication, July 17, 1937) 


The increase of virus in plants following inoculation with tobacco 
mosaic virus has been studied by Holmes _(1) and by others (2-4). 
No detailed studies have been reported, however, of the rate of 
increase of tobacco mosaic virus protein in plants or of the physico- 
chemical and biological properties of virus protein isolated from 
plants diseased for different periods of time. There are certain 
isolated observations which bear on this general problem. In 
previous work the increase of virus protein in one group of plants 
during a 4 week period was noted and estimated to consist of over a 
millionfold increase (5). It was found in other work that the 
virus activity of protein obtained from old plants was less than 
the activity of protein obtained from young plants (6). It is 
possible, however, that this difference might have been due to the 
more drastic purification procedure which was required for sam- 
ples of the former. During the course of an ultracentrifugal 
analysis of various virus proteins, it was found, in three prelimi- 
nary experiments, that the sedimentation constant of the virus 
protein varied irregularly with the age of the plants from which 
the protein was obtained (7). It is not known whether this 
variation was due to actual differences in the protein as it existed 
in the plants or to differences arising during the isolation and 
purification of the protein. 

These observations indicated the necessity for a detailed study 
of the increase of virus protein in the plant and of the physico- 
chemical and biological properties of virus protein in plants dis- 
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eased for different periods of time. Such a study has been carried 
out with the ordinary strain of tobacco mosaic virus in Turkish 
tobacco plants and certain of the results are presented in this 
paper. The ultracentrifugal study on this same material is pre- 
sented in the following paper (8). 


EXPERIMENTAL 


Preparation and Chemical Analysis of Plant Material -Repre- 
sentative sets, each consisting of from eight to sixteen Turkish 
tobaeco plants about 3 inches high, were selected from a large 
group of plants growing in 6 inch pots and were placed in separate 
rows across a greenhouse bench. Half of these plants were inocu- 
lated on April 15, 1936, by rubbing two leaves on each plant twice 
with a bandage gauze pad which was kept moistened with a solu- 
tion of 0.1 mM phosphate buffer containing 10°* gm. of tobacco 
mosaic virus protein per ec. One set of the uninoculated plants 
was cut and the remaining plants were used as normal controls. 
At weekly intervals up to and including 8 weeks after the time of 
inoculation, one set of diseased plants and one set of normal plants 
were cut and immediately placed in a room held at —8°. The 
sets of frozen plants were then put through a meat grinder and 4 
per cent by weight of disodium phosphate in the form of a 50 per 
cent aqueous solution was added to the pulp. The pulp was 
allowed to thaw; the juice was pressed out and filtered through 
celite (Standard supercel) and its total nitrogen and protein ni- 
trogen contents were determined as previously described (6). 
The pulp was then extracted with a volume of 0.1 mM phosphate 
buffer at pH 7 equal to the volume of the juice or first extract and 
then dried to constant weight at 110°. The dry weight and total 
nitrogen content of the pulp were determined. In this first ex- 
periment the virus protein was isolated from the juices of the 
different sets of diseased plants by chemical methods which have 
been described (5). Although an attempt was made to work 
up each set in a comparable manner, the sets were processed 
at different times and after irregular periods of time following 
harvesting. 

The analytical data for the nine sets of normal plants and the 
eight sets of diseased plants are presented in Table I. It may be 
seen from the green weights of the plants that the diseased plants 
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were stunted and weighed considerably less than did the normal 
plants of the same age. However, with the exception of that of 
the plants of the Ist week after inoculation, the juice from the 
diseased plants contained considerably more total nitrogen and 
protein nitrogen than did the juice from normal plants of the same 


TABLE I 


Preparation by Chemical Means of Virus Protein from Turkish Tobacco 
Plants Harvested at Weekly Intervals Following Infection with 
Tobacco Mosaic Virus. Summary of Data for 


Normal and Diseased Plants 


Green “Yield of | Yield Protein of Lotal N Mew 
inceule- per | in juice | |" pulp. | Per wires 
Diseased plants 
wks, gm, ce. per cent | | mg. | mg. |per cent 
1 | 67.4) 53.7) 79.8 | 1.36) 0.38 251, 40 0.02| 4.4 
2 120.3 107.0 88.0 | (2.28) 071 7.40 27 0.16 | 23.2 
3 164.5 126.8 770 108 O71 | 7.88) 2% 0.24 | 33.4 
4 | 206.2 1458 705 1.07) O71 11.50 23 0.36 | 51.2 
5 208.0) 142.0, 68.3, 1.02) 0.70 13.55, 23 0.48 68.1 
6 206.2 138.8 68.2 1.02, 0.63 15.56 27 0.36 57.1 
7 | 2000 1250 625 110) 056 1720 14 | 0.38) 683 
8 187.5 1125 600 1.06 0.43 22.58 15 | 0.32 | 74.5 
Normal plants 
0 | 310) 225) 726 127/041 0.77) 20 | 
1 | 78.3) 63.1) 80.8 142/045 241) 25 
2 139.5 118.9 85.2 | (2.06) 0.43 5.63) 27 
3 191.2 150.0 785 0.82 0.39 961 20 
| 250.0 | 180.0 | 72.0 0.61 | 0.30 | 13.70) 15 
5 2590 171.5 663 O61 02 1927 16 | 
6 | 280.0 178.0, 68.5 049 0.15 2042 | 
7 | 2630 150 570 058, 014 2290 12 | 
8 | 250.0 133.1 53.4 0.58, 017 3040 9 | | 


age. After 5 weeks the protein nitrogen in the juice of the diseased 
plants dropped off despite the fact that the total nitrogen content 
remained about constant. A similar situation prevailed in the 
case of the normal plants. The virus protein per cc. of juice from 
diseased plants obtained by chemical methods increased rapidly 
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from 0.1 mg. for the Ist week preparation to a maximum of 2.86 
mg. for the 5th week preparation and then also dropped off. The 
yield of virus protein thus paralleled the protein nitrogen content, 
and the fact that well over half of the protein nitrogen present in 
badly diseased plants was isolated by chemical methods as crystal- 
line virus protein indicates the close relationship between the two. 
The nitrogen content of the dried pulp indicates that much nitro- 
gen was in an insoluble form and remained in the pulp. The 
pulp from the diseased plants contained more insoluble nitrogen 
than did the pulp from normal plants. The decrease in the green 
weights of plants after 5 or 6 weeks was due to the drying up of 
some of the leaves near the bottoms of the plants. The yield of 
the first extract or juice based on the green weight of the plants 
averaged about 70 per cent. 

In the second experiment, 52 flats each containing twenty-four 
Turkish tobacco plants about 2 inches high were used. All of the 
plants were inoculated on December 9, 1936, by rubbing two 
leaves of each plant twice with a bandage gauze pad which was 
kept well moistened with a solution of 0.1 mM phosphate buffer at 
pH 7 containing 10~* gm. of tobacco mosaic virus protein per cc. 
At the end of 1 week the plants in twelve of the flats were cut and 
frozen. As the remaining plants grew larger, a smaller number of 
flats of plants were cut at the end of weekly intervals up to and 
including 8 weeks, and also at the end of 13 weeks. These plants 
were placed in the freezing room. 5 weeks after beginning the 
experiment the plants from the first four harvestings were re- 
moved and put through a meat grinder. Disodium phosphate 
was added and the juice from each set of plants was pressed out 
and analyzed as previously described. The remaining five sets 
of plants were treated in a similar manner at weekly intervals. 
The nine portions of juice were filtered through Carl Schleicher 
and Schill No. 14503 paper in a room held at about 4°, and the 
virus protein present in one-half of each portion was purified and 
isolated by two successive centrifugations in the quantity ultra- 
centrifuge, according to the method used for ring spot virus 
protein (9). The remaining halves of each portion of juice were 
purified by two successive precipitations with from 14 to 18 per 
cent ammonium sulfate and one precipitation in the quantity 
ultracentrifuge. The protein obtained from plants following 


ef 


et 
£ 
= 
| 
7 
| 
‘ 
t 
; 
>. 
4 
a 
a 
a 
j 
a7 
q 
j 
| 
¢ 
t 
4 
aa ? 
x 
a 
4 
> 
A 
4: 
4 
a 
& 
4 


W. M. Stanley 209 


1, 2, and 13 weeks infection required less ammonium sulfate for 
precipitation than did protein obtained from plants infected for 
from 3 to 8 weeks. 

The analytical data for the second experiment, in which the 
virus protein was isolated by means of the quantity ultracentrifuge 
as well as by chemical methods, are recorded in Table II. The 
gradual increase and eventual decrease in the green weight of 
the plants, the yield of about 70 per cent of the weight as juice, 
the tendency for the total nitrogen content of the juice to remain 
constant at about 1 mg. per ec., and the gradual increase and 


TaBLeE II 


Preparation by Means of Quantity Ultracentrifuge of Virus Protein from 
Plants Harvested at Weekly Intervals Following Infection with 
Tobacco Mosaic Virus. Summary of Data 


re per flat juice juice centrifu- | °°: Juice virus 
gation protein 

(1) (2) (3) (4) (5) (6) (7) (8) (9) 
wks. gm. ce. per cent mg. mg. mg. per ce. mg. per cent 
l 130 94 72 0.81 0.39 0.33 0.06 15.8 
2 238 181 76 0.89 0.56 0.27 0.18 31.8 
3 363 «1.08 | 0.70, | 0.25 | 0.34 | 49.3 
4 | 425 | 319 | 75 | 1.08 | 0.74 | 0.25 | 0.87 | 49.5 
ie 476 358 75 1.08 0.84 0.22 0.46 54.5 
6 460 352 76 1.3 1.00 0.20 0.42 41.4 
7 580 420 73 1.14 0.78 0.16 0.37 47.9 
8 625 390 74 1.19 0.83 0.11 0.37 45.0 
13 | 0.77 | 0.27 | 0.15 | 19.3 


| 
| 
| 
| 


decrease of the protein nitrogen content are similar to the results 
obtained in the first experiment. The change in the amount of 
protein nitrogen remaining in the supernatant liquid following 
the first centrifugation of the juice (Table II, Column 7), with 
respect to the protein nitrogen content of the juice before centrif- 
ugation (Table II, Column 6), is especially noteworthy. Centrif- 
ugation serves to precipitate the virus protein and colloidal mat- 
ter to the bottom of the tube in the form of a solid pellet, with 
the result that the inactive low molecular weight protein remains 
in the supernatant liquid. When there is but little high molec- 
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ular weight virus protein present and most of the protein consists 
of inactive low molecular weight material, as was the case with 
the 1 week preparation, only a little protein is sedimented and 
most of the protein remains in the supernatant liquid. Thus, 
as may be seen from Table II, of the 0.39 mg. of protein nitrogen 
present per cc. in the Ist week juice only 0.06 mg. per ec. was 
sedimented on centrifugation and 0.33 mg. per ec. remained 
in the supernatant liquid. In this case the yield of virus protein 
nitrogen was only 15 per cent of the total protein nitrogen. How- 
ever, practically all of the sedimented protein nitrogen was iso- 
Jated as virus protein, hence this preparation contained practically 
no colloidal material. In the case of the juice from plants dis- 
eased for 5 weeks, only 0.22 mg. of protein nitrogen per ce. re- 
mained in the supernatant liquid on centrifugation and 0.62 
mg. per ec. was sedimented to the bottom of the tube. The yield 
of virus protein nitrogen recovered from the total protein nitro- 
gen was increased to 54.5 per cent, yet owing to colloidal material 
and a black substance which did not go back into solution the 
amount of virus protein nitrogen isolated (0.46 mg. per ec.) was 
only 74 per cent of the protein nitrogen which was sedimented. 
The amount of the black material, which becomes insoluble on 
sedimentation, was very noticeable in the case of the 13 weeks 
preparation. Only 30 per cent or 0.15 mg. per cc. of virus pro- 
tein nitrogen was recovered from the 0.5 mg. per cc. of protein 
nitrogen which was sedimented. The amount of the black 
insoluble material increased as the amount of virus protein 
decreased. Although it may consist of plant pigment which 
increases as the plant grows older, it also seems possible that it 
may consist of a breakdown product of virus protein. It is 
preferable to work with plants cut only 3 or 4 weeks following 
inoculation in order to avoid the presence of this material. 

In both experiments the amount of virus protein per ce. of juice 
was found to reach a maximum 5 weeks after inoculation. How- 
ever, the rate of increase was greatest during the first 3 weeks 
following inoculation. The yields obtained from the portions 
purified by two precipitations with ammonium sulfate and one 
centrifugation are not given but were about the same as the yields 
obtained by centrifugation alone. The yields reported do not 
represent maximum yields, for in the earlier work with the quan- 
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tity ultracentrifuge thin walled celluloid centrifuge tubes were 
used and much protein was lost through the bottoms of these 
tubes. Recently tubes having thicker walls have become avail- 
able, and when such tubes are used the loss of protein is elimi- 
nated or considerably reduced. For example, with use of such 
tubes and juice obtained from badly diseased plants, it has been 


possible by means of two centrifugations to obtain about 80 per — 


cent of the protein nitrogen in the juice in the form of crystalline 
virus protein. This demonstrates that only a small portion of 
the soluble protein nitrogen in such plants is not in the form of 
virus protein. This is an indication that the synthesis of low 
molecular weight normal protein is inhibited or that normal 
protein is destroyed or utilized for conversion into virus protein. 
If the conversion of normal plant protein into virus protein 
occurs, it is accompanied by a change in the antigenic properties, 
for normal protein and virus protein have not been found to give 
cross serological reactions (10, 11). 

Virus Activity of Protein—The virus activity of the eight differ- 
ent preparations of protein in the first experiment was determined 
by means of the half leaf method and the results were analyzed 
in order to determine whether or not there were significant differ- 
ences (12). It was found that there was an irregular significant 
variation in the activity. It is possible that this variation was 
due to differences arising during the chemical treatment and to 
the fact that the plants were worked up at different times. 
Therefore, in the second experiment the virus protein used for 
activity measurements was prepared by means of the quantity 
ultracentrifuge and an attempt was made to keep all treatments 
as nearly comparable as possible. The activity measurements, 
which are presented in Table III, were made by comparing the 
activity of all of the other preparations against that of the 4 
weeks preparation by means of the half leaf method. It may be 
seen that there is no significant difference in the virus activity 
of protein obtained from plants following 2 to 13 weeks infection, 
but that the activity of protein obtained from plants only 1 
week after infection is significantly less than that of the other 
preparations. The biological activity is one of the properties 
of the virus protein which is most sensitive to changes in the 
protein, and the fact that this property was not measurably 
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changed in plants over a 12 week period is an indication of re- 
markable constancy of the virus protein in the host. 


Conssntration of vires protein, gm. per cc. 
fection = | Average = 
lesions | | | lesions | = 8 | | lesions | = 
per half, ~ 2  8-©- iperhalf [per half 
leaf |.° le | | | 
1 | 86.2 53.0) | 42.2. 
86.2 57 8.7 | | 61 
2 | 96.0 58.0| | 
3 | 94.0 107.0 48.4 
5 | 96.0 | 48.51. | 44.3 
6 | 77.0 | 43.01 | 30.5) 
7 | 59.5 103.0 54.3, 
8 | 38.8, 90.3, | 
| | | 
13 | 109.0 | 122.0) | 


TABLE III 


Comparison of Virus Activity of Protein Prepared by Means of Quantity 
Ultracentrifuge from Turkish Tobacco Plants at Weekly Intervals 


An indi- 


| leaves used 


* To show a significant difference between the mean number of lesions in 


10-8 
Average! 
| | lesions | = 8 | ——- 
8.E. per half 8.E. 
| leaf | 
3-3 3 | | 3.1 
5512 
57.6 | 
0.5 46 2 | 41 3.1 
54.5 
0.7 | | 95 | 0.7 
54.5. 
0.31 52 3.0 
26.2 
1.9 23.4 15 
| 43.4 


any one experiment, the ratio of the mean difference (M.p.) to the standard 
error of the mean difference (s.£.) should not be less than 2.1. 


cation that slight changes do occur either in the plant or on 
isolation was obtained by Wyckoff (8) in a study of the sedimen- 
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tation constants of the protein preparations used for the activity 
measurements just described. However, the constancy of the 
activities and sedimentation constants of the various preparations 
demonstrates that the protein undergoes but little change in the 
plant over a long period of time and that it is possible by careful 
treatment to isolate essentially identical preparations of protein 
at different times. The fact that the virus activity of protein 
isolated from plants after 1 week’s infection is significantly lower 
is quite interesting. Wyckoff (8) found this protein to be homo- 
geneous with respect to molecular weight, hence it seems unlikely 
that the low activity is due to inactive partially built up molecules 
of virus protein. 

Rate of Increase of Virus Protein in Inoculated Leaves—Although 
it is obvious from the results presented in Tables L and IIL that 
tobacco mosaic virus protein increases rapidly in inoculated 
plants, it is difficult to be certain of the magnitude of the increase 
due to the lack of data concerning the amount of protein ac- 
tually introduced into the cells as inoculum. It is known that 
a portion remains on the inoculating pad and that another por- 
tion remains on the leaf surface. In order to secure data concern- 
ing the amount of virus protein actually serving as inoculum, 
all of the leaves of a group of Turkish tobacco plants about 23 
feet high and proved to be free of. virus by subinoculation from 
the tip leaves were rubbed twice with a bandage gauze pad which 
was kept thoroughly moistened with a solution consisting of 100 
ec. of 0.1 M phosphate buffer containing 10+ gm. of tobacco 
mosaic virus protein per ce. The leaves were then well washed 
by sprinkling from above and the leaves from one-fifth of the 
plants were immediately removed and frozen. Similar sets of 
leaves were removed and frozen 9 hours, 1, 2, and 4 days after 
inoculation. The five sets of leaves were put through a meat 
grinder, disodium phosphate was added as previously described, 
and the five portions of juice were pressed out and filtered through 
thin layers of Standard celite. The virus activity of these prepa- 
rations was determined and then 100 cc. portions were purified 
by means of four successive centrifugations in the quantity ultra- 
centrifuge and taken up in 1 ec. portions of 0.1 Mm phosphate buffer 
at pH 7. 0.5 cc. portions were used for activity determinations 
and the remaining 0.5ec. portions were treated with hot trichloro- 
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aeetic acid. The preparations from leaves cut immediately, 
after 9, and after 24 hours gave no turbidity on addition of tri- 
chloroacetic acid, and hence contained less than 0.01 mg. of pro- 
tein per cc. The 2 day preparation gave a slight turbidity, and 
hence contained about 0.01 mg. of protein per cc. The 4 day 
preparation was opalescent and on precipitation with trichloro- 
acetic acid gave a good protein precipitate. 

The amounts of protein obtained by trichloroacetic acid precipi- 
tation agree with the amount of protein which might be expected 
to be present as judged from the activity measurements which 
are presented in Table IV. The juice obtained from the leaves 
of plants removed immediately and 9 hours after inoculation con- 


TABLE IV 
Virus Activity Measurements of Extracts from Inoculated Turkish Tobacco 
Leaves Removed at Different Intervals of Time Following Inoculation 
with a Solution Containing 10~* Gm. of Tobacco Mosaic 
Virus Protein per Ce. 


Time interval | 0 | Qhrs. | 1 day 2 days 4 days 
Extract tested directly................. | 02 00 | 46.5 


after 4 supercentrifuga- 
tions and 100 timesconcentration...... 55.0 101 18 220) 128.5 


* The numbers represent the average number of lesions per leaf obtained 
on ten or more leaves of Phaseolus vulgaris, var. Karly Golden Cluster on 
inoculation with the designated preparation. 


tained practically no virus, and that obtained from the leaves of 
plants removed 24 hours following inoculation contained no 
demonstrable virus. However, when the latter Juice was puri- 
fied and concentrated 100 times, it was possible to demonstrate 
the presence of virus. The results indicate that more virus is 
present immediately after inoculation than after 9 or 24 hours, 
and that more virus is present after 9 hours than after 24 hours. 
After 2 and 4 days the amount of virus protein present was suffi- 
ciently large to be measurable by chemical tests. It seems prob- 
able that much of the virus obtained immediately and 9 hours 
following inoculation is due to virus on the leaf surfaces that was 
not removed when the leaves were washed. This virus protein 
would be expected to be in the form of a thin film which would be 
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subject to rather rapid denaturation, hence most of the protein 
on the surface of the leaves should be inactivated after 24 hours 
owing to denaturation. ‘This would serve to explain the initial 
decrease in the amount of demonstrable virus. It seems probable 
that the amount of virus obtained after 24 hours is more nearly a 
measure of the amount of virus actually introduced into the cells 
than is the amount obtained immediately or after 9 hours. 
Therefore, in this experiment it is preferable to use the amount 
of virus demonstrable after 1 day as a measure of the amount 
originally introduced into the cells. Although this amount is 
undoubtedly much greater than that actually introduced, the 
amount is still so small that it is impossible to measure it chem- 
ically, but, on the basis of the activity measurements, it cor- 
responds to about 107" gm. of protein per cc. of juice. There- 
fore, of the 2 mg. of protein which were applied to the leaves, 
only about 10° mg. or about one-millionth was recovered. 
If one considers the multiplication during the Ist day and the 
fact that after 4 days approximately 1 mg. of virus protein was 
recovered, it may be estimated that over a 4 day period the virus 
protein in inoculated leaves was increased over a million times. 

The considerations just described are based on the assump- 
tion that the virus isolated represented the amount actually in 
the plant material. Although it is known that when fairly large 
amounts of virus protein are present about 90 per cent of the virus 
protein can be removed by one extraction, there are no data 
concerning the efficiency of extraction when very small amounts 
of protein are present. It seemed desirable, therefore, to add 
known small amounts of virus protein to the pulp and to the juice 
from normal plants and to determine the amount of protein 
which could be recovered. Accordingly, 2 mg. portions of virus 
protein were added to 100 gm. of pulp and to 100 ce. of juice 
from normal plants. The juice was pressed from the pulp and 
filtered through a thin layer of Standard celite. The juice ob- 
tained, the 100 cc. portion of juice containing 2 mg. of virus 
protein, and a 100 cc. portion of the juice from normal plants were 
centrifuged three successive times in the quantity centrifuge in a 
field of about 60,000 times gravity. No virus protein was ob- 
tained from the normal juice preparation to which no virus pro- 
tein had been added, 40 per cent of the virus protein was recov- 
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ered from that added to the pulp, and about 75 per cent was 


recovered from that added to normal juice. This experiment 
demonstrates that, even when there is only 0.00002 gm. of virus 
protein present per gm. of pulp or of juice, 40 and 75 per cent, 
respectively, of the virus protein can be recovered. Although 
this indicates that much of the virus protein may be recovered 
when amounts of about 10~° gm. or greater per gm. of pulp or of 
juice are concerned, it is problematical as to the amount that may 
be recovered when still smaller amounts of virus protein are 
present. Although it is impossible to measure smaller amounts 
of virus protein chemically, it is quite possible to estimate such 
amounts biologically. 

In order to obtain some idea of the amount of virus protein re- 
coverable when such small amounts are concerned, | part of 
virus protein was added to 10 million parts of pulp. The juice 
was pressed out, diluted 1:10 with 0.1 mM phosphate buffer at 
pH 7, and tested for virus activity by the half leaf method against 
similar dilutions of juice from normal plants to which known 
amounts of virus protein had been added. The diluted extract 
of the pulp produced about the same number of lesions as did 
the diluted juice preparation containing 5 K 10~-°% gm. of virus 
protein per cc., hence the activity of the extract of the pulp was 
about equal to that of juice containing about one-half the amount 
of virus protein originally added to the pulp. As a whole, these 
experiments indicate that there is justification for considering 
that most of the virus protein present in plants may be obtained 
in the extract of such plants, even though the amount of virus 
protein may represent less than a millionth part of the plants. 


The writer is greatly indebted to Dr. Ralph W. G. Wyckoff for 
the use of an air-driven quantity centrifuge during the course of 
the work. 


SUMMARY 


The increase of tobacco mosaie virus protein in Turkish tobacco 
plants has been determined by isolating the virus protein in plants 
diseased for different periods of time. The efficiency of the iso- 
lation technique was determined by isolating virus protein from 
artificially prepared mixtures containing known amounts of virus 
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protein. It was found that about 40 per cent of the virus protein 
ean be isolated from plants containing only about 1 part of 
virus protein per 100,000 parts of plant material. Virus pro- 
tein in Turkish tobacco plants was found to increase from an 
estimated 10-* mg. per gm. of plant material to about 3 mg. per 
gm. of plant material during the course of 5 weeks. Virus pro- 
tein in inoculated leaves was estimated to increase over a million 
times during a 4 day period. Although the virus protein content 
was found to reach a maximum 5 weeks after inoculation, the rate 
of increase was found to be greatest during the first 3 weeks. The 
total nitrogen content of extracts of diseased plants was found to 
remain about constant over long periods of time, whereas the 
protein nitrogen content was found to increase and reach a maxi- 
mum and then to decrease. The amount of low molecular weight 
protein was found to decrease as the amount of the virus protein 
increased. No significant difference was found in the virus ac- 
tivity of protein obtained from plants that had been infected for 
from 2 to 13 weeks, although that of protein obtained from plants 
infected for only 1 week was significantly less. 


BIBLIOGRAPHY 


1. Holmes, F. O., Am. J. Bot., 17, 789 (1930); Contrib. Boyce Thompson 
Inst., 4, 297 (1932). 

2. Boning, K., Z. Parasitenk., 1, 198 (1928). 

3. Samuel, G., Ann. Appl. Biol., 21, 90 (1934). 

4. Caldwell, J., Ann. Appl. Biol., 18, 279 (1930); 21, 191 (1934). 

5. Stanley, W. M., J. Biol. Chem., 116, 673 (1936). 

6. Loring, H.S., and Stanley, W. M., J. Biol. Chem., 117, 733 (1937). 

7. Wyckoff, R. W. G., Biseoe, J., and Stanley, W. M., J. Biol. Chem., 
117, 57 (1937). 

8. Wyckoff, R. W.G., J. Biol. Chem., 121, 219 (1937). 

9. Stanley, W. M., and Wyckoff, R. W. G., Science, 85, 181 (1937). 

10. Stanley, W. M., Phytopathology, 26, 305 (1936). 

1]. Seastone, C. V., Loring, H.S., and Chester, K.S., 7. /»munol., in press. 

12. Loring, H.S., unpublished work. 


| 
of 
i 
| | 
. 
| 
| 
| 
4 
4 
if 
j 
| 
i me 
| 
¥ 
| 
a 
| 
$ 
i 
P i 


if 
4 
; 
: 
4 
| 
: 
4 
| 
| 
| 
7 


MOLECULAR SEDIMENTATION CONSTANTS OF TOBACCO 
MOSAIC VIRUS PROTEINS EXTRACTED FROM PLANTS 
AT INTERVALS AFTER INOCULATION 


By RALPH W. G. WYCKOFF 
(From the Laboratories of The Rockefeller Institute for Medical 
Research, Princeton) 


PLATE 


(Received for publication, July 19, 1937) 


In a previous paper (1) it was shown that tobacco mosaic virus 
proteins obtained from various sources do not all have the same 
molecular sedimentation rate. Such results suggested that this 
virus includes a family of closely related substances, the several 
sedimentation constants being expressions of dissimilarities in 
molecular shape or weight. An unexplained feature of these 
experiments was the observation that the rate of sedimentation 
seemed to depend, though somewhat irregularly, upon the age 
of the plants from which the protein was prepared. The present 
paper records a further study of the relation between sedimenta- 
tion rate and length of time after plant inoculation. 

Most of the samples of tobacco mosaic virus proteins used in 
the earlier work were purified by chemical treatments consisting 
of successive precipitations with ammonium sulfate at pH be- 
tween 4 and 9. It has since been found that the crystalline pro- 
tein can be obtained either by less drastic chemical procedures 
or, Without chemical intervention, by precipitations in the quan- 
tity ultracentrifuge. Experience with other virus proteins iso- 
lated in these two ways has demonstrated that both the infec- 
tivity and the physicochemical properties of many are altered by 
prolonged chemical treatments. It thus became apparent that 
the same method of preparation must be used on all samples be- 
fore a proper evaluation can be made of any variation of the 
Virus protein with time after inoculation. 

The writer is indebted to W. M. Stanley for the virus proteins 
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employed in this investigation. They were portions of the same 
preparations whose activities and yields have been described 
(2). To obtain them young Turkish tobacco plants were inocu- 
lated at one time with the ordinary strain of tobacco mosaie 
virus. Some plants were-harvested 1 week after inoculation, 
some after 2 weeks, and the rest at subsequent weekly intervals, 
the oldest being those that had grown for 13 weeks after inocula- 
tion. ‘They were frozen when cut and wére kept frozen until 
such time as the infectious juice was extracted by the usual 
procedures. From half of each batch of the freshly pressed juice 
the purified crystalline virus protein was prepared by two suc- 
cessive quantity ultracentrifugations interspersed with low speed 
centrifugations to remove aggregated colloidal matter (3). In 
the ultracentrifugations the virus protein was sedimented as a 
solid pellet by being held for 1 to 13 hours in a maximum field of 
about 60,000 times gravity; this pellet was redissolved each time 
in 0.1 M phosphate buffer of pH 7. The ultracentrifuge was that 
recently described (4, 5), the quantity rotor being of an improved 
design holding from 100 to 150 ce. The virus protein, chemically 
prepared from each of the other half portions of juice, was erystal- 
lized by two precipitations with ammonium sulfate at pH 7 
followed by one ultracentrifugation. 

The sedimentation patterns of each of these two sets of virus 
proteins have been obtained with the analytical ultracentrifuge. 
The instrument (4,6) used for these measurements Was an 
improved model of the air-driven machine employed in_ the 
previous experiments. The original absorption method of Sved- 
berg, which is more suited to the present purposes than the 
newer refractive index procedures, has been followed through- 
out. Duplicate series of sedimentation pictures were made and 
analyzed. The centrifugal field in the analytical cell was about 
12,000 times gravity; ten or eleven exposures were made for each 
run, the interval between them being exactly 5 minutes. During 
a single run the speed of the centrifuge remained constant to 
within about 0.5 per cent. A 2 mm. thick cell was used; for this, 
the optimum concentration of tobacco mosaic virus protein is 
1.5 mg. perec. Sedimentation constants, referred as is customary 
to water at 20°, were computed from the photographs. They 
are collected in Table I; typical photographs are reproduced in 
Figs. 1 to 5. 
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The solutions of the first four weekly proteins prepared by 
quantity ultracentrifugation have the single sedimenting bound- 
aries that indicate the presence of only one type of heavy 
molecule. All the proteins from plants longer infected, as well 
as the chemically prepared proteins of all ages beyond the Ist 
week, show two sedimenting boundaries and hence contain two 
molecular species that differ from one another in weight or 
shape, or both. These two components have the same sedimen- 
tation constants in all preparations in which they occur (Table I) 
and, judging by their ultraviolet light absorptions, are present in 
about the same relative amounts. The sedimentation constant 


TABLE I 


Sedimentation Constants of Molecular Species in Tobacco Mosaic Virus 
Proteins Prepared at Various Intervals after Plant Inoculation 


Sedimentation constants (s X 


' Ultracentrifuged samples Chemically extracted samples 


| 


l 174.3 177.1 
2 180.0 | 179.3, 203.5 
3 177.6 170.6, 198.7 
4 177.1 | 172.1, 201.9 
5 173.1, 198.8 | 172.7, 201.1 
6 172.9, 199.7 170.9, 195.4 
7 175.2, 198.9 | 175.2, 196.6 
8 175.3, 197.9 | 178.3, 203.2 
13 174.0, 205.3 yo 


fw 


of the more conspicuous component is not measurably different 
from that of the protein in the single boundary samples. The 
amount of the more rapidly sedimenting species has not yet been 
determined and hence it is not known whether it, too, is disease- 
producing; but it may be pathogenic, since no difference in infec- 
tivity was found in samples harvested after the Ist week (2). 

The appearance of the heavier boundary in proteins from 2 
and 3 week plants after salting-out with ammonium sulfate in- 
troduces the question of whether this component is ever present 
in plants or is produced in the older ultracentrifuged samples by 
the phosphate buffer used as solvent. In seeking for an answer 
it was observed that 0.1 m phosphate will cause the heavy compo- 
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nent to appear in solutions of 2 week virus protein. Such a sam- 
ple purified by ultracentrifugation was single boundaried at first, 
but became double boundaried after several days in the ice box. 
Another sample was made from plants of the same age, distilled 
water being used throughout as solvent. The resulting protein 
was of exceptional molecular homogeneity (Fig. 5) and even after 
standing for more than 2 months has shown no trace of the heavy 
component. The protein from plants infected for 13 weeks was 
then isolated with use of distilled water. It, too, gave a very 
sharp single boundary. Hence tobacco mosaic virus protein must 
exist in tobacco plants as a single molecular species which becomes 
more easily altered by salts as the plants age. 

A comparison between the sedimentation results of this paper 
and those published earlier (1) brings out an important point. 
The previous preparations, as already stated, were made by 
chemical treatments which in most instances were more prolonged 
and vigorous than those now employed. Such proteins gave 
much more diffuse sedimenting boundaries and accordingly had 
far less molecular homogeneity than the proteins discussed in this 
paper. Their greater heterogeneity was commonly accom- 
panied by higher mean values of the sedimentation constants; 
it is clear, therefore, that the different constants in the previous 
series were indications of alterations of the proteins during iso- 
lation rather than of their states in the plant. In order to pro- 
vide a direct comparison between the present samples and one 
made by rigorous chemical treatment, a new photograph (Fig. 4) 
has been made of the sedimentation of a crystalline virus protein 
prepared 2 years ago. ‘The diffuseness of boundaries in this pic- 
ture compared with the boundaries of Figs. 1 and 5, together 
with the greater mean sedimentation constant that it gives 
(Soop = 223), is an index of the molecular change brought about 
by such treatment. 


SUMMARY 


Analytical ultracentrifugal studies have been made of the sedi- 
mentation rates of virus proteins isolated from series of Turkish 
tobacco plants harvested 1, 2, etc., up to 13 weeks after inocula- 
tion with the ordinary strain of tobacco mosaic virus. These 
protein samples were prepared in two ways, half by quantity 
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ultracentrifugation and half by chemical methods involving 
ammonium sulfate precipitations, the solvent in both cases 
being 0.1 mM phosphate buffer of pH 7. The virus proteins ex- 
tracted from plants within 4 weeks of inoculation and purified 
by quantity ultracentrifugation consist of a single molecular 
species. These molecules, which are also present in all other 
preparations, have so = 174 10~% em. dynes“'. A 
second molecular component with seo = 200 XK 10~" exists in the 
2 and 3 week samples made with ammonium sulfate and develops 
after a few days in the corresponding ultracentrifuged proteins; 
it is present in the proteins from plants that have carried the 
disease for more than 4 weeks. The very young | week protein 
differs from those longer in the plant in that even treatment with 
ammonium sulfate does not produce the heavy molecular compo- 
nent. 

Tobacco mosaic virus proteins isolated by ultracentrifugation 
from plants 2 and 13 weeks after inoculation are single boundaried 
if distilled water rather than phosphate buffer is used as solvent. 
The virus protein in the plants themselves hence consists of only 
one molecular species; it changes with length of time after inocu- 
lation, becoming more and more readily influenced by salts. 

Tobacco mosaic virus proteins isolated and purified by differ- 
ential ultracentrifugation or by two cautious crystallizations with 
ammonium sulfate show a high degree of molecular homogeneity; 
when water rather than phosphate is used as solvent, the ultra- 
centrifuged proteins are unusually homogeneous. The sharply 
sedimenting boundaries of such proteins contrast with the diffuse 
boundaries and greater mean sedimentation constants given by 
samples subjected to more extensive treatment with chemicals. 
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EXPLANATION OF PLATE | 


Fic. 1. The sedimentation diagram of a tobacco mosaic virus protein 
sample made by ultracentrifuging the juice of plants cut | week after in- 
oculation. The preparation is molecularly homogeneous and shows the 
single boundary indicative of but one kind of heavy molecule. The 1 week 
chemically prepared protein and those obtained by ultracentrifugation from 
plants 2, 3, and 4 weeks after inoculation give sedimentation patterns 
indistinguishable from this. In this and Figs. 2 to 5 successive pictures 
were taken at 5 minute intervals. Because of the sedimentation of the 
absorbing virus protein molecules, more and more of the cell becomes 
transparent to the ultraviolet light. 

Fic. 2. The sedimentation diagram of the 7 week chemically prepared 
sample. The two boundaries due to the two molecular components are 
clearly visible in the later pictures of the series. The boundary for the 
principal, lighter component is not quite so sharp as in Fig. 1. 

Fic. 3. The sedimentation diagram of the 13 week ultracentrifuged 
protein. This pattern is double boundaried, though the second, heavier 
one is harder to see than in Fig. 2. 

Fic. 4. The sedimentation diagram of a solution of a crystalline virus 
protein made by more extensive chemical treatments. The very diffuse 
boundary is indicative of a considerable molecular heterogeneity; the 
greater rate at which it moves outward in the cell corresponds to the greater 
observed sedimentation constant. The presence of much colloidal matter 
in this sample is shown by the gradual increase in transparency of the cell 
below the boundary. 

Fic. 5. The sedimentation diagram of a 2 week protein made by ultra- 
centrifugation with water instead of phosphate buffer as solvent. The 
single boundary remains perfectly sharp even in the final picture. The 
greater apparent rate of sedimentation in this diagram is due to the use of a 
higher centrifugal field. 
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THE ULTRACENTRIFUGAL ISOLATION OF LATENT 
MOSAIC VIRUS PROTEIN 


By HUBERT S. LORING ann RALPH W. G. WYCKOFF 


(From the Department of Animal and Plant Pathology and the Laboratories of 
The Rockefeller Institute for Medical Research, Princeton) 


PLATE 2 
(Received for publication, July 28, 1937) 


The concentration and purification of tobacco mosaic virus 
protein (1, 2) with the quantity ultracentrifuge has led to the 
isolation of other plant virus proteins by this method. <A high 
molecular weight protein has thus been obtained from the elari- 
fied juice of plants infected with tobacco ring spot virus, and 
preliminary experiments with juices of plants having severe etch 
and latent mosaic of potato have shown that similar heavy pro- 
teins are associated with these diseases (3). Further experiments 
have now been performed on the application of these ultracentri- 
fugal procedures to the concentration, purification, and charac- 
terization of the high molecular weight protein which is present 
in plants infected with the latent mosaic virus. This paper 
presents the results of these experiments and provides data show- 
ing the approximate yields of the protein from diseased Nicotiana 
tabacum, L.., var. Turkish and Nicotiana glutinosa, L., plants. 

Several strains of latent mosaic virus are recognized. That 
used in the present experiments was the potato ring spot strain 
described by Johnson (4). It had been carried in Nicotiana 
glutinosa and Nicotiana tabacum for several years and gave typical 
symptoms of the potato ring spot disease. Plants of Nicotiana 
glutinosa and Turkish tobacco were grown in a greenhouse either 
in pots or in shallow flats and were inoculated when from 4 to 6 
inches high with diluted juice from a latent mosaic-diseased 
plant. They developed typical symptoms and were harvested 
from 2 to 6 weeks after inoculation. When cut they were placed 
overnight in a refrigerator at — 14° and the next day ground in a 
meat chopper. The frozen pulp was mixed with 4 per cent by 
weight of K.HPO,, allowed to thaw at room temperature, and 
the cold juice strained through four layers of bandage gauze. 
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This strained juice was finally clarified by gravity filtration 
through No. 14503 Carl Schleicher and Schill filter paper in a 
room held at about 4°. 

The clear filtrate was ultracentrifuged for 13 hours in quantity 
heads of 100 to 150 ce. capacity in a field of about 60,000 times 
gravity (5,6). The solution and the centrifuge head, which were 
cooled to 0° before the centrifuge was started, warmed up less 
than 10° during a run. The upper 50 per cent of the supernatant 
liquid was pipetted off, analyzed for protein, and tested for virus 
activity. The remainder was poured off; the pellets that had 
formed were immediately covered with 0.1 mM phosphate buffer at 
pH 7, and the tubes containing them were placed on ice. The 
pellets were dissolved in about one-tenth the original volume and 
the solution was centrifuged in an angle centrifuge to remove 
aggregated colloidal matter. The supernatant liquid containing 
the soluble protein was again ultracentrifuged; the supernatant 
liquid was removed and analyzed as before, and the pellet put 
back in solution. The cycle of low speed centrifugation to remove 
aggregated matter and ultracentrifugation to sediment the virus 
was repeated a third time. The pellets from this third ultracen- 
trifugation dissolved in 0.1 mM phosphate buffer gave whitish 
opalescent solutions which, as shown by the analytical ultracen- 
trifuge, contained very little except high molecular weight pro- 
tein A 0.1 per cent solution gave the usual color reaction for 
proteins with Millon’s test, the xanthoproteic reaction, and 
Folin’s phenol reagent. 

Analytical data showing the protein concentration of the juice 
before and after ultracentrifugation and the yields of the heavy pro- 
tein obtained from several different batches of Nicotiana tabacum 
and Nicotiana glutinosa plants are summarized in Table I. The 
vields varied considerably, but their averages (4.9 and 10.5 mg. 
per 100 cc. of juice, respectively) indicate a higher concentration 
of virus protein in Nicotiana glutinosa than in Nicotiana tabacum 
plants. The examination in the analytical ultracentrifuge (6, 
7) of the solution of the pellets from the first, second, and third 
ultracentrifugations gave results in accord with the chemical 
analyses of the supernatant liquids from each. Absorption 
photographs of the solution of the pellet from the first ultracentri- 
fugation have shown (Fig. 1) the sharp sedimenting boundary 
of the heavy protein; sometimes, however, it was still obscured by 
the normal low molecular weight proteins and the pigment that 
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remained. The sedimentation diagram from a solution of the 
pellet from the second ultracentrifugation (Fig. 2) exhibited a 
considerable amount of ‘“‘unsedimentable”’ ultraviolet-absorbing 
material still contaminating the heavy protein; if the plant juice 
was carefully prepared and the extraction properly carried out, 
the diagram (Fig. 3) from a solution of the pellet from the third 
ultracentrifugation was that of the pure heavy protein. 

The relative activities of the purified high molecular weight 
protein, of the supernatant liquid after ultracentrifugation, and 
of the original juice were compared by counting the number of 
primary lesions produced on whole leaves of young ‘Turkish to- 


TABLE | 
Ultracentrijugation of Juice from Nicotiana tabacum and Nicoliana glutinosa 
Extracted with KexHPO,. Protein Content of Juice, 
Successive Supernatant Liquids, and Yields 


Protein concentration, 
mg. N 6 per 


Volume of aes Percentage 

Super, Super, yield per ee 
Juice Ist centrif- 2nd juice 

ugation ugation 
ce nig 

N. tabacum 176 2 88 2.49 0 42 15 & 5 
SOO 3.23 0 51 14 1 8 
176 1.92 | 1] 6.3 
400 2.14 2.08 11 2.8 
glutinosa 300 3.5 2.68 33 11.0 
100 2.74 2.13 | 0.2 10 10.0 


*The supernatant liquid of each third centrifugation gave a faint 
cloudiness with CHC1,;,COOH. 
bacco plants over the range of dilutions at which infection was 
obtained. Dilutions were prepared in 0.1 mM phosphate buffer 
at pH 7. ‘The results with juice and with preparations of virus 
protein from both Nicotiana tabacum and Nicotiana glutinosa 
are shown in Table II. The method of inoculation was the same 
as that used for tobacco mosaic virus protein. ‘The upper half 
of the supernatant liquid after ultracentrifugation usually con- 
tained sufficient virus to give infection and in some instances was 
also infectious in a dilution of 1:10. Since the original juice 
quite regularly gave infection at a dilution of 1:10,000, ultra- 
centrifugation removed about 99.9 per cent of the virus activity 
from the upper half of the supernatant liquid. The purified 
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protein proved to be infectious at a dilution of 1:10°, equivalent 
to 10-* gm. of protein per cc.; the virus protein isolated is, there- 
fore, between 1000 and 10,000 times more infectious than the 
original juice. A comparison of the relative numbers of lesions 
obtained with undiluted juice and a virus protein concentration 
of 10°-* gm. per cc. indicates, in agreement with the amount of 
virus protein actually isolated, that the concentration in the juice 
ix of the order of 10-4 gm. per cc. From these results it is appar- 
ent that the concentration of latent mosaic virus protein in the 
juice of diseased plants lies between that for tobacco mosaic (8) 
and that for tobacco ring spot (3) virus proteins, which have 
TasBLe IT 
Relative Activities of Purified Latent Mosaic Virus Protein and Juice from 
Nicotiana tabacum and Nicotiana glutinosa 
Concentration, gm, per ec. 


leaves) | 10 | | 107 | 10° 


Virus protein from N. tabacum 24 | 326* 466 15.803 0 
glutinosa 12 117 | 74.8; 11.8 2.91.3 
12 88 24.8 5.3 0.75 0.33 


Dilution of juice 


Undi- 1:100 1000 1:10,000 


luted 
Unfiltered juice from N. tabacum 12 | 335 127 31.4.4.6 0.3 
glutinosa | 357 | 144 57.6 6.8 (1.3 


* Average numbers of lesions on whole leaves of young Turkish tobacco 
plants. 
been shown to be approximately 3 mg. per ce. and 0.01 mg. per 
cc., respectively. 

The ultracentrifugal analyses of solutions of the purified 
latent mosaic virus protein show the series of sharply sedimenting 
boundaries characteristic of molecules homogeneous with respect 
to size and shape (Fig. 3). These molecules sediment much more 
slowly than those of the tobacco mosaic virus protein and hence 
are smaller. In order to establish their sedimentation constant, 
several series of photographs, like those given in Fig. 3, have been 
made from proteins prepared from different groups of plants. 
In each series the individual photographs were made at intervals 
of exactly 5 minutes, the field at the center of the cell ranging 
between 17,000 and 30,000 times gravity. The optimum pro- 
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tein concentration is practically the same as for the tobaeco 
mosaic virus protein: for a 2 mm. thick cell it is 1.8 mg. per ce. 
The customary analysis of the sedimentation diagram gives 
values for the sedimentation constants that are closely grouped 
about a mean Of soe = 113 & 107% em. dynes'. This is 
to be contrasted with the larger sooe = 174 * 10°" characteristic 
of the tobacco mosaic virus protein (2,9). The molecular weight 
of the latent mosaic virus protein, of course, cannot be computed 
from this sedimentation constant unless the diffusion constant 
is known. ‘This has not yet been determined, but if the general 
progression of diffusion constants with sedimentation constants 
observed in Svedberg’s results (10) applies to the latent mosaic 
protein, then it might be expected to be of the order of 1.3 K 10~‘, 
the exact value being strongly influenced by the molecular shape. 
A molecule with seg = 113 K 10°" and D = 1.3 X* 1077 would 
have a molecular weight of about 9 millions. 

The latent mosaic virus protein prepared by the method out- 
lined above commonly shows a second faint but sharp boundary 
which settles more rapidly than the principal one. In_ this 
respect too it resembles the tobacco mosaic virus protein. It can 
be shown that for the tobacco mosaic virus protein this second and 
“heavier” molecular component is a derivative of the principal 
one; and there is reason to believe that the same thing is true 
with the latent mosaic protein. The sedimentation constant of 
this second boundary is se = 131 &K 


SUMMARY 


The application of the quantity and analytical ultracentrifuges 
to the purification and characterization of the virus protein which 
is associated with the latent mosaic disease of potato in Nicotiana 


glutinosa and Nicotiana tabacum plants is deseribed. The results | 


of chemical analyses of the supernatant liquids following ultra- 
centrifugation and ultracentrifugal analyses of purified prepara- 
tions show that a homogeneous high molecular weight protein 
is obtained after three ultracentrifugations. Preparations made 
by the method outlined show a principal boundary with seo° = 
113 10°" em. see.~' dynes~! and usuaily a second faint 
boundary with seo) = 131 * 10~. The protein is present to the 
extent of about 0.02 to 0.1 mg. per ce. of the juice of infected 
plants and was found to reach a somewhat greater concentration 
in diseased Nicotiana glutinosa than in Nicotiana tabacum plants. 
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The latent mosaic virus protein was found to be between 1000 and 
10,000 times more infectious than the original juice. 
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EXPLANATION OF PLATE 2 


hic. 1. The sedimentation diagram of a solution of the impure virus 
protein obtained from the pellet of the first ultracentrifugation. The 
ecntaminating light proteins cause the liquid immediately below the air 
bubble at the very top of the pictures to be less transparent than the bubble 
itself. The barely visible sharp boundary indicated by arrows in the 
last pictures corresponds to a sedimentation constant (uncorrected for the 
viscosity of the contaminating ‘‘unsedimentable’” proteins) of 8.02 = 117 X 
em. see! dynes~!; the more conspicuous diffuse one above it gives 
= 79 10 see ' dynes™!. 

kia. 2. The sedimentation diagram of the partially purified virus protein 
obtained by dissolving the pellet from the second ultracentrifugation 
The lack of contrast between the air bubble and the top of liquid indicates 
that very little “‘unsedimentable’’ protein remains. The sharp and most 
rapidly sedimenting boundary (a) corresponds to soe = 115 & 10°; the 
light diffuse boundary (c), which is not due to the virus, gives soo° = 37 X 
10°'3, Between these two there is an exceedingly faint boundary (b) which 
measures So° = 71 K 10°'%. The nature of the substances causing these 
lighter boundaries is not clear, for they are not always present in con- 
centrates from plants diseased with latent mosaic and they are not carriers 
of the virus activity. 

Fic. 3. The sedimentation diagram of a solution of the latent mosaic 
virus protein purified by three ultracentrifugations. All the lighter impuri- 
ties have been eliminated. The only two boundaries present are the 
principal one with s = 115 and the faint secondary one with s = 130. The 
pattern remains unchanged if the protein is subjected to additional ultra- 


centrifugations. 
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ON THE AMOUNT OF IODINE IN BLOOD 


By EMIL J. BAUMANN ann NANNETTE METZGER 
(From the Laboratory Division, Montefiore Hospital, New York) 


(Received for publieation, August 9, 1937) 


The iodine content of normal blood is usually thought to be 
about 10 micrograms per 100 ce. of blood, most investigators 
reporting anywhere from 8 to 13 micrograms per cent as their 
normal values. However, Fowweather (1), using the Leitch and 
Henderson method, found from 3.6 to 5.1 micrograms per cent, 
with an average of 4.3, and recently Stevens (2), using a distilla- 
tion method, reports 3.3, 6.9, and 4.8 for comparable figures. 
With the exception of these we believe the published figures to be 
100 per cent or more above the true values. In support of this 
assertion we offer in this paper a series of iodine analyses in which 
the organic matter is destroyed by chromic and sulfurie acids in 
closed systems as in the Trevorrow and Fashena (3) modification 
of the Leipert (4) method. The reducing agent used is oxalic 
acid and the final Winkler titration is carried out as described by 
Baumann and Metzger (5). Estimations made by the method 
we published 5 years ago agree with these analyses in which the 
much simpler distillation procedure was used, although when 
several micrograms of iodine are present, the results tend to be 
slightly lower with our older procedure. 

In the distillation as carried out by Leipert, arsenic distils over 
with the iodine; moreover the manipulation is difficult. Trevor- 
row and Fashena have simplified the apparatus and manipulation, 
and use phosphorous acid instead of arsenious acid. In our hands 
the use of phosphorous acid has given low values on known organic 
and inorganic iodine solutions. Oxalie acid is used as a reducing 
agent in this work; it gives figures closer to the theoretical. In 
its reduction of chromie acid, some CO is liberated and this is led 
outside the laboratory. Both the Leipert and the Trevorrow and 
Fashena apparatus give the same results. 
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10 ee. of blood are measured into a 500 cc. flask with an inter- 
changeable ground glass joint, 14 to 15 ec. of 100 per cent chromic 
acid! solution (250 gm. of CrOs and 150 ec. of water) are added, and 
then cautiously 60 ec. of sulfuric acid (sp.gr. 1.84) which is cooled 
in an ice bath during the addition of the first 25 cc. The flask is 
heated to 180° with shaking, cooled, and 15 cc. of distilled water 
added, and the flask again heated to 180° on an air bath, cooled 
again, and finally 100 ec. of distilled water are added. 10 ce. of 
distilled water and 0.3 ce. of 10 per cent KOH are measured into 
the receiver which is then attached to the condenser. Now 15 
gm. of oxalic acid are added to the flask containing the oxidation 
product and it is at once connected to the condenser and heated, 
cautiously at first while the violent evolution of CO and COs is in 
progress, and then more vigorously until 50 ce. have come over. 
During the entire distillation a slow stream of air is passed through 
an alkali wash bottle and the distillation apparatus. The distil- 
late is concentrated, neutralized, oxidized with bromine, and 
titrated with 0.001 N thiosulfate as previously described (5). 

To test the accuracy of this procedure the following analyses 
were made, all in duplicate. (1) Standard iodide solutions were 
oxidized with HeCrO, and HeSO,, reduced, and distilled. In 
eight trials with 1 to 5 micrograms of I,, 92 to 100 per cent, with 
an average of 96 per cent, of the iodide was recovered. (2) 5 to 
12 micrograms of iodine as thyroxine and diiodotyrosine, stand- 
ardized by Kendall’s method, gave recoveries of 92 to 95 per cent 
in six trials, with an average of 94 per cent. (3) 1 to 10 micro- 
grams of iodide added to 10 ec. of blood gave recoveries of 98 to 
100 per cent in five trials, with an average of 99 per cent. 

Analyses of blood of twenty normal persons are given in Table I. 
The ten males have a range of from 3.0 to 4.4 micrograms per cent, 
with an average of 3.5, while the corresponding figures for the ten 
females are 2.3, 3.0, and 2.6 respectively. The difference in the 
blood iodine levels of males and females is outside the limits of 
error of the method and is significant. It needs confirmation on 
larger and different groups of subjects. 


1 The chromic acid was purchased in a 100 pound drum from the E. I. 
du Pont ‘de Nemours and Company, Inc., and the oxalic acid from J. T. 
Baker Chemical Company. Both contain no iodine. The other reagents 
are purified as previously described (5). 
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In Table II, a few analyses of blood of hospital patients are | 
given. ‘The figures are about the same as those found in normal ; 


TABLE I 
Blood Iodine of Normal Subjects 


Subject No. | Male Female 
micrograms per 100 ce. micrograms per 100 cc. 
34 23 
2 3.5 2.3 1 
3 35 2.8 
4 35 2.9 | 
5 4.4 2.7 | 
6 3.0 3.0 
7 3.2 
8 3.5 2.3 
4 3.5 2.3 
10 3.5 2.3 
meerege......... =A 3.5 | 2.6 
TABLE II 


Blood lodine under Various Conditions 


Subject No. Bloody Remarks 
micrograms per 
100 ce. 

l 3.5 Normal female; 0.45 gm. desiceated thyroid 
over 2 wk. period 

2 44 Normal female; 4.5 gm. desiccated thyroid over 
2 wk. period 

3 2.3 Normal female; 4.0 gm. desiccated thyroid over 
2 mo. period 

4 10 4 Graves’ disease + muscular dystrophy 

5 46 4 

6 314 = i About 20 mg. I, daily for 
7 wks. 

7 4.0 Hypertension 

2.2 

3.5 Carcinoma of thyroid 

2.9 Hypertension, hypertrophy of prostate 

3.0 of prostate 


12 2.3 Scrotal hernia 


subjects except in Graves’ disease, and where patients have re- 
ceived iodine medication The patient that had 314 micrograms 
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of I, per 100 ec. of blood received about 20 mg. of I, daily for 7 
weeks. Two female subjects who received 0.45 gm. and 4.5 gm. 
of desiccated thyroid over periods of 2 weeks had blood iodine of 
3.5 and 4.4 micrograms per cent respectively. Another female 
who received 4.0 gm. of desiccated thyroid over a period of 2 
months had a blood I, of 2.3 micrograms per cent. 

A male subject whose blood iodine was 3.4 micrograms per cent 
took 0.5 gm. of iodine as KI. After 48 and 96 hours the blood iodine 
was 59.4 and 6.6 micrograms per cent respectively. Although 
iodides are very soluble, small amounts remain in the body for a 
long time. They are apparently reabsorbed from the tubules in 
their passage through the kidneys. In this respect iodides be- 
have as do thiocyanates (6)- as might be expected from the 
relative positions of these anions in the Hofmeister series. 

It has long been appreciated by analysts making 1odine deter- 
minations on foods and tissues that important losses by volatiliza- 
tion are almost inevitable with the open ashing methods that have 
been used. In spite of this fact, the iodine analyses reported in 
the literature are nearly all much too high. The large positive 
error is brought about by the presence of organic matter in the 
final solution in which the titration is made, which reacts with the 
thiosulfate solution. These organic substances come from incom- 
plete combustion, and if alcohol is used to remove salts, by con- 
densation products arising from the action of alkali on the alcohol. 
The extent of this positive error is large and variable and usually 


completely masks volatilization losses. We have avoided these 


errors, and our results indicate that the blood iodine of males 
averages 3.5 micrograms per 100 ce. and of females 2.6. 
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DEUTERIUM AS AN INDICATOR IN THE STUDY OF 
INTERMEDIARY METABOLISM 


XI. FURTHER STUDIES ON THE BIOLOGICAL UPTAKE OF 
DEUTERIUM INTO ORGANIC SUBSTANCES, WITH 
SPECIAL REFERENCE TO FAT AND 
CHOLESTEROL FORMATION * 

By D. RIPTENBERG RUDOLF SCHOENHEIMER 


(From the Department of Biological Chemistry, College of Physicians and 
Surgeons, Columbia University, New York) 


(Received for publication, August 3, 1937) 


In the application of deuterium to the problems of interme- 
diary metabolism two different modes of attack have been devel- 
oped. In the first method the metabolic route of a compound 
artificially labeled by deuterium atoms may be followed by deu- 
terlum analysis. Several investigations in which this method 
has been used to follow transportation and conversion of organic 
compounds in animals have been reported. If a deutero com- 
pound is isolated from an animal which has been given another 
deutero compound, the result may in general be taken as proof 
of a conversion. This method is limited to such conversions as 
those in which the deuterium label is not removed by the chemical 
reactions involved. For this reason a negative result, namely 
the absence of deuterium in the predicated conversion product, 
cannot be taken as proof of the absence of such a conversion. 

In the second method the rate of some chemical reactions in 
the animal organism is followed by measuring the uptake of 
deuterium into the organic compound from the body fluids. — If 
organic molecules are synthesized in the laboratory in a medium 
of heavy water, the resulting substances will in general contain 
earbon-bound (non-exchangeable) deuterium. If the body fluids 
of an animal contain heavy water, deuterium must also enter into 


* This work was carried out with the aid of a grant from the Josiah Macey, 
Jr., Foundation. 
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chemical reactions and will be found in the resulting substances 
(1). The rate at which deuterium appears in a compound may 
therefore be taken as a measure of the rate at which this was 
formed. 

The value of this second method is limited by the fact that at 
the present time the reactions leading to the introduction of 
deuterium into the organic compounds are unknown. Only cer- 
tain chemical reactions such as reduction, or the addition of water 
to a double bond,' will introduce deuterium from the solvent 
(or body fluids) into stable positions. In these reactions deu- 
terium is introduced at the carbon atom or atoms involved. 

There is one chemically and physiologically important case in 
which the deuterium atoms may be introduced not only at the 
immediate site of reaction but also at adjacent carbon atoms, 
When a ketone is reduced in a medium of heavy water, deuterium 
atoms may be found not only at the carbon atom which was 
bound to the oxygen, but also in neighboring positions, since 
in a ketone the hydrogen of the adjacent carbon atoms may be 
labilized by enolization and take up deuterium by exchange. 
On the reduction of the carbonyl group in a medium of heavy 
water (conversion to —-CDOD-—- or the originally 
labile deuterium atoms can no longer exchange with the hydro- 
gen of the solvent and thereby become stabilized. 


QO 
1.0 | 


Thus in the reduction of a ketone more deuterium may be stabil- 
ized than by the other processes mentioned. The amount of 
deuterium introduced by this mechanism must depend not only 
upon the concentration of deuterium in the solvent but also upon 
the relative rates of enolization and reduction. 

In addition to these chemical reactions deuterium may also 
enter directly by exchange. Such exchanges with the hydrogen 


‘There may exist other processes which have not as yet been investi- 
gated, such as the shift of a double bond, etc., which might also introduce 
deuterium from the medium into stable positions. 
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of —-COOH, —- OH, —-NHbg, ete., are extremely rapid and revers- 
ible. When the resulting compounds, --COOD, ——OD, -—-NDs, 
ete., are dissolved in ordinary water, the deuterium wiil immedi- 
ately be removed. Such reactions have no bearing on the study 
of intermediary metabolism, as labile deuterium, if present, will 
always be removed during the course of isolation of the com- 
pounds, since they come in contact with large amounts of ordinary 
water or alcohol. 

Besides these extremely fast exchange reactions there exist 
others, the rates of which cover the whole range from zero to that 
of the active hydrogen atoms mentioned above. In this eategory 
belongs the exchange of hydrogen attached to carbon atoms 
adjacent to carbonyl groups. For example, the hydrogen of ace- 
tone (2) exchanges slowly in pure water, faster in acid, and 
very fast in alkali, and that in the methyl group of acetic acid 
(3) has been reported to exchange slowly at 100°. In most other 
cases, however, the hydrogen of methyl and methylene groups is 
stable toward exchange in aqueous solutions. It is only this 
earbon-bound non-exchangeable hydrogen (or deuterium) which 
is of interest in metabolic studies. In order to remove any 
slowly exchangeable deuterium which may be in a compound, 
the substance during isolation must be treated under vigorous 
conditions with alkali or acid.? 

In the study of the metabolism of a compound by the second 
method it is therefore necessary to investigate the presence of 
such slowly exchangeable hydrogen in the product under consider- 
ation. 

In this paper, which is concerned with the in vivo synthesis of 
fatty acids and cholesterol, we present additional data on the 
stability toward exchange of the C-——-H linkage in these com- 
pounds. When treated with heavy water in alkali or acid and 
recrystallized from aqueous acetone or alcohol, they do not con- 
tain deuterium. 

The stability of the C--H linkage in methyl or methylene 


2 In the case of a few amino acids the occurrence of such slow exchanges 
(semilabile deuterium) complicates the experimental procedure. When 
such compounds are isolated from an animal whose body fluids contain 
heavy water, they must be treated in a manner known to remove all such 
semilabile deuterium. 
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groups is probably only relative, and appropriate conditions may 
exist under which even these hydrogen atoms exchange.’ If in 
Bo the course of a metabolic experiment a deutero compound is 
Hn isolated from an animal, the body fluids of which are enriched in 
| heavy water, the stable deuterium in the compound may have 
entered by means of two different reactions. It may arise either 
from the occurrence of chemical reactions in the body or from an 
exchange brought about by conditions which we are not able to 
reproduce tn vitro. It is conceivable that enzymes exist which 
labilize the hydrogen of certain C--H linkages, thus making the 
hydrogen exchangeable with that of the solvent. While there 
as yet does not exist any evidence for such an exchange in vivo 
which cannot be duplicated in vitro, the occurrence of such a bio- 
logical reaction would seriously interfere with the interpretation 
of the data obtained by the second method. While the deter- 
mination of stability zn vitro is relatively easy, the exclusion of , 
an in vivo exchange is generally more difficult. If there is isolated 
from an animal a deutero compound with deuterium stable in 
vitro, 7.e. deuterium which cannot be removed by treating the 
compound with boiling water, alkali, or acid, it is not possible | 
to exclude directly the possibility that the deuterium had entered 
into the substance zn vivo by an exchange reaction. The isolation 
of a deuterium-free substance, however, excludes the in vive 
exchange of the carbon-bound hydrogen in this compound. 
The oecurrence of chemical reactions in the living organism is 
so wide-spread that most organic constituents of an animal take 
up deuterium under our experimental conditions. In the course 
of our work with deuterium we have already isolated fourteen 


_reported with Dr. G. L. Foster in a subsequent publication. 


q iB different compounds from mice whose body fluids were enriched 

t fl in heavy water for at least 10 days.‘ All these compounds 

i. with the exception of lysine contain deuterium. We can thus 

He definitely state that there is no in vivo exchange of the hydrogen | 
tl § Ingold, Raisin, and Wilson (4) have demonstrated an exchange of the ( 
aoa | hydrogen of some aliphatic hydrocarbons with the hydrogen of concen- ( 
- | trated sulfuric acid (77 moles per cent). Dilute sulfuric acid (below 530 P 
3 é a, moles per cent) does not cause this exchange. 

‘ } i ‘The compounds are cholesterol, stearic acid, palmitic acid, oleic acid, ; 
He tyrosine, cystine, arginine, histidine, lysine, glutamic acid, aspartic acid, I 
Ete leucine, proline, and glycine. The results on the amino acids will be ( 
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of lysine which does not oecur in vitro. The unique absence of 
deuterium in lysine is probably associated with the fact that this 
is an indispensable amino acid which cannot be synthesized by 
the animal. It therefore seems probable that just as the hydro- 
gen of the four methylene groups of lysine does not exchange 
in vivo, so the methylene groups of other compounds should not 
exchange either. 

In a previous paper we have described the uptake of deuterium 
by the fatty acids of mice, the body fluids of which contained 
deuterium (1). Similar findings have been reported by Smith, 
Trace, and Barbour (5) and by Krogh and Ussing (6). In our 
publication we presented proof for the non-existence of an in 
vivo exchange of the hydrogen of the fatty acids. The fatty acids 
of chicks which had developed in a medium of heavy water con- 
tained no deuterium. From the absence of deuterium in the acids 
of the chick the absence of an in vivo exchange in the mouse was 
inferred. 

In continuation of our previous work we are reporting in this 
paper experiments of long duration on the incorporation of deu- 
terium into fatty acids and cholesterol. 

The heavy water content of the body fluids of mice was raised 
to about 1.5 per cent by injection of DeoO, and kept there by giving 
2.35 per cent D.O to drink. As in the previous experiments the 
mice received whole wheat bread ad libitum. The experiment 
was continued for 98 days. At various periods groups of mice 
were killed and the cholesterol and fatty acids of the animals 
isolated. The fatty acids were separated into saturated and 
unsaturated fractions. Stearic acid and palmitie acid were iso- 
lated by fractional distillation of the methyl esters. Consider- 
able amounts of deuterium were found in the cholesterol, as well 
as in the fatty acias. 

As mentioned before, we have not been able to introduce deu- 
terlum into cholesterol in vitro by exchange from heavy water 
even under drastic conditions. In accordance with the above 
considerations, investigations as to the occurrence of an in vivo 
exchange were carried out, since such exchange might have been 
responsible for the presence of the deuterium in the mouse cho- 
lesterol. The same procedure was followed as for the fatty acids. 
Cholesterol isolated from chicks which had developed in a medium 
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of heavy water contained no deuterium. We therefore feel 
justified in concluding that the deuterium of the cholesterol which 
was isolated from the mice is the result of chemical reactions. 

The fact that cholesterol is synthesized in mammals is well 
known. Synthesis of cholesterol in mice has recently been 
followed quantitatively by balance experiments on the same 
bread diet and a synthesis of about 1.8 mg. per day was found 
(7). It is therefore not suprising to find deuterium in the choles- 
terol of mice, as during the process of cholesterol synthesis deu- 
terium must be incorporated into the molecule. We are inclined 
to believe that the reaction which we are measuring is the syn- 
thesis of cholesterol from other compounds. 

In all biological balance experiments on sterols, these substances 
have to be determined by means of their insoluble addition com- 
pounds with digitonin.’ If, in the course of metabolism, any 
substance becomes precipitable by digitonin, the reaction would 
be called a sterol synthesis, while, conversely, any reaction which 
eliminates the precipitability by digit ain would be termed a 
destruction. The reaction with digitonin, however, is not con- 
fined to cholesterol or other typical sterols, but is a group reac- 
tion for all substances chemically related to sterols, in which the 
steric configuration of the carbinol at the carbon atom 3 cor- 
responds to that of cholesterol (8). Numerous substances of 
animal and plant origin are known which share with the sterols 
the cyclopentenophenanthrene skeleton (steroids) but are not 
precipitable with digitonin (bile acids, saponins, heart poisons, 
sex hormones, etc.). 

It is therefore impossible to decide on the basis of any balance 
experiments whether the process called biological sterol synthesis 
in animals actually involves the new formation of the ring skele- 
ton or represents merely minor changes by which a non-precipit- 
able steroid of the diet may be rendered precipitable. Further- 
more, balance experiments cannot give the actual rate of 
synthesis, but only the difference between the rates of synthe- 
sis and degradation. 


> Balance experiments in which cholesterol is determined colorimet- 
rically by the Liebermann-Burchard or Salkowski reactions are open to 
criticism. The plant sterols of the diet and the fecal sterols give different 
color reactions, some of them giving no color at all. 
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The deuterium content in the cholesterol isolated from our 
mice after 2 months of heavy water feeding was quite high. Ex- 
treme care must be taken at the present time in drawing conclu- 
sions from the amount of deuterium in the synthesized compound 
as to the mechanism responsible for its introduction. As stated 
above, the amount of stable deuterium in the organic compound 
is dependent not only upon the deuterium content of the medium 
but also upon the rate of enolization of ketones which may have 
occurred as intermediates. 

Irrespective of the specific reaction mechanism, the deuterium 
content of an organic compound obtained by our experimental 
procedure will indicate the minimum number of carbon atoms 
which must have been involved in the synthesis. Reduction of 
a —CH,COCH.— group may introduce a maximum of 6 deu- 
terium atoms. The other elementary reactions introduce no 
more than 2 stable deuterium atoms. 

The cholesterol isolated from the mice after 60 days of heavy 
water feeding contained 0.78 atom per cent deuterium, while 
the body fluids had 1.7 atom per cent. The concentration of 
deuterium in the hydrogen of the cholesterol was thus about 
half of that of the water in which the cholesterol was formed. 
On the assumption that deuterium and hydrogen have been 
treated alike in this process, this finding indicates that during 
the various stages of the process of cholesterol formation about 
half of its stable hydrogen atoms were exchangeable with those 
of the body fluids. Chemical reactions must therefore have occurred 
at a great number of carbon atoms. 

The possibility that the cholesterol was derived from a dietary 
component of similar structure, such as a non-precipitable steroid, 
is therefore excluded. A conversion of this kind could not have 
led to the introduction of so much stable deuterium. The find- 
ings indicate rather that formation of cholesterol in the animal body 
ts a more fundamental process and involves the coupling of a large 
number of small molecules. 

Most investigators of the problem of cholesterol metabolism 
in the developing hen’s egg agree that the total amount of choles- 
terol does not change during the entire period of development 
(9). This constancy, however, does not necessarily indicate 
that cholesterol is not formed during this period. A balance 
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whereby synthesis is accompanied by the degradation of an equiv- 
alent amount of cholesterol would lead to the same experimental 
result. 

As stated before, the cholesterol of chicks which had developed 
in a medium of heavy water contained no deuterium. This re- 
sult excludes the occurrence of cholesterol synthesis during develop- 
ment. As the total amount of cholesterol remains constant, the 
occurrence of cholesterol destruction in eggs can be excluded with the 
same certainty. 

The metabolism of cholesterol in eggs thus differs from that of 
the fatty acids. A large part of the fatty acids is burned for 
energy requirements, while the cholesterol molecule is not 
attacked at all. However, during development neither fatty 
acids nor cholesterol is synthesized. The same fatty acid and 
cholesterol molecules which are found in the hatched chick were 
already present in the new laid egg. Although the cholesterol 
metabolism rests during development, it becomes active again 
immediately after hatching, as Dam (10) has demonstrated a 
destruction of cholesterol in chicks. 


EXPERIMENTAL 
Exchange Reactions 
Palmitic Acid 


Experiment A—O.5 gm. of palmitic acid, 10 ce. of 27 per cent 
D.O, and an excess of KOH were kept in a sealed tube at 100° 
for 120 hours. The acid was isolated and recrystallized from 
aqueous acetone. It contained 0.00 atom per cent deuterium. 

Experiment B—-1.0 gm. of palmitic acid was refluxed for 48 
hours in a solution of 5 ec. of 55.1 per cent D.O, 15 ce. of absolute 
alcohol, and 0.5 ec. of concentrated sulfuric acid. The ester was 
saponified and the acid recrystallized from aqueous acetone. It 
contained 0.00 atom per cent deuterium. 


Cholesterol 


Experiment A—0O.5 gm. of cholesterol and 0.3 cc. of 98 per cent 
D.O were sealed in a tube in vacuo and heated for 8 hours at 230°. 
After recrystallization from aqueous acetone, the product, m.p. 
146°, contained 0.00 atom per cent deuterium. 
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Experiment B-- 1.0 gm. of cholesterol was refluxed for 24 hours 
with 4.8 cc. of 55.1 per cent D.2O + 7.2 ec. of ethyl aleohol + 2 
drops of concentrated HCl. The cholesterol was isolated, re- 
fluxed with acetic anhydride, and the acetate recrystallized from 
alcohol, m.p. 113-114°. The cholesterol acetate contained 0.00 
atom per cent deuterium. 


Isolation of Cholesterol from Mice 


The method of keeping the deuterium content of the body 
fluids constant was the same as described in the study of fatty 
acids (1). At the beginning of the experiments the mice were 
injected with enough concentrated heavy water to raise the 
deuterium content to approximately 1.5 atom per cent. To 
keep the concentration at this level the animals were supplied 
with 2.35 per cent heavy water instead of ordinary drinking water. 
The heavy water content of the body fluids was relatively eon- 
stant during the 3 months of the experiment. From the moment 
of heavy water injection chemical reactions in the animal oe- 
curred in a medium of about 1.5 per cent DQ. As in our previ- 
ous experiments, the mice received whole wheat bread ad libitum. 

Groups of mice were killed at intervals and for each analysis 
the carcasses of a number of animals were pooled. From these, 
water was distilled off in vacuo to determine the heavy water 
content of the body fluids (11). The residue was refluxed for 
2 hours with 7 per cent alcoholic potassium hydroxide. The 
bones were removed by filtration through glass wool, and most 
of the alcohol was distilled off. The residue was diluted with 
water and repeatedly extracted with ether. The ether was 
washed with water until neutral and dried over sodium sulfate. 

The isolation of cholesterol from these ethereal solutions was 
carried out by three different methods. 

Experiments 4, 5, 6,7, and 11---The cholesterol was precipitated 
with digitonin from 80 per cent ethanol. The digitonide was 
extracted for 2 hours in a Soxhlet extractor with low boiling pe- 
troleum ether and dried in vacuo at 100° for 3 hours. The 
digitonides were burned for deuterium analysis. For the calcula- 
tion of the deuterium in the cholesterol the formula CseH Oe + 
for cholesterol-digitonide was used. 

Experiments 9 and 10-—-The digitonides were refluxed for 30 
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minutes with acetic anhydride and the cholesterol acetate precipi- 
tated with 50 per cent ethyl aleohol. The preparations melted 
at 112°. Before combustion the samples were dried in vacuo 


| at 80° for 6 hours. From the value obtained the amount of deu- 
| terium in the cholesterol was calculated by multiplying by the 
TABLE | 
Deuterium in Cholesterol and Fatty Acids from Mice 
| Deuterium in 
ment of animals ody Zotal Saturated | Chen 
| periment * fluids acids acids fatty terol 
| acids 
3 17 121 O11 | 
2 4 10 18 1.09 0.08 | 
Tf 3 5 19 18 1.70 | 0.18 | 0.29 | 0.09 | 
a) 4 6 4 17 1.438 0.21. | 0.13 
18 150 020 0.10t 0.13 
| | | 
6t | 14 4 23 148 0.15 0.24 
8 27 5 24 1.68 | 0.440 0.380 | 0.34 
7 2 1.62 | 0.39 | 0.58 | 0.31 0.67 
oe ee 3 28 170 (© 50)§ 0.75 0.38 | 0.78 
11 | 98 4 | 2 | 1.48 | ©.49)§ 0.59 | 0.43 | 0.47 
* The average weight of mice at the beginning was 18 gm. except in 
Experiment 6 in which it was 25 gm. 
+ For these analyses the fatty acids of Experiments 4, 5, and 7 were 


pooled. 
t In Experiment 6 the animals were not injected with concentrated heavy 
water at the beginning but only given dilute heavy water to drink. | 
§ These values were not obtained by analysis but were calculated on the 
assumption that one-third of the total fatty acids was saturated. , 


ratio of the number of hydrogen atoms in the cholesterol acetate 
to that in cholesterol (48/46). 

Experiment 8—The cholesterol was not precipitated by digitonin 
but was purified by twice recrystallizing the ether residue from 
methanol. It then melted at 147.5°. 


Isolation of Fatty Acids from Mice 


The fatty acids were obtained from the alkaline layer remaining ) 
after the ether extraction. The isolation and separation into 
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saturated and unsaturated fractions were carried out in the man- 
ner previously described (12). 

The results of the deuterium analysis of the cholesterol and of 
the fatty acids are given in Table I. In this table we have in- 
cluded some results on fatty acids which have already been pub- 
lished (1) (Experiments 1, 2, 4, 5, and 7), since both sets of data 
are intimately connected. The cholesterol analysis of our earher 
mouse series, Experiments 4, 5, and 7, have not been published 
before. 


Separation of Palmitie and Stearic Acids from Mice 


Experiment A-— 3.90 gm. of saturated acids from Experiment 3 
containing 0.29 + 0.02 atom per cent deuterium were esterified 
with methyl aleohol and fractionated by distillation (13). Thir- 
teen fractions were obtained. Fraction 3, weighing 452 mg., had 
the correct melting point for methyl palmitate (28.8-29.2°). The 
palmitic acid contained 0.30 + 0.03 atom per cent deuterium. 
Fractions 10 and 11, weighing 95 mg. and 114 mg. respectively 
(m.p. 33.8-34.2° and 35.2-35.9°), were combined and saponified. 
The free acid had a melting point of 65.7° and a mean molecular 
weight of 282, indicating a mixture of about 90 per cent stearic 
acid and 10 per cent palmitic acid. It contained 0.27 + 0.05 atom 
per cent deuterium. 

Erperiment B—2.456 gm. of the saturated fatty acids of Ex- 
periment 9, containing 0.58 + 0.02 atom per cent deuterium, 
were esterified, and the methyl esters separated into ten fractions. 
Fractions 3, 4, 5, and 6, weighing 1.095 gm. and melting between 
29.0-30.0°, were combined. The fractions were saponified. The 
acid, after recrystallization, melted at 61.5-62.3°. It contained 
0.51 + 0.02 atom per cent deuterium. The last two fractions, 
Nos. 9 and 10, were analyzed separately. Fraction 9, weighing 
221 mg. and melting at 33.4-34.0°, was saponified. The acid 
melted at 62.5-64.0°. The mean molecular weight was 279, 
indicating a mixture of about 80 per cent stearic and 20 per cent 
palmitic acids. It contained 0.63 + 0.05 atom per cent deu- 
terium. 

Fraction 10, the residue, weighing 292 mg. and melting at 33.3- 
33.5°, yielded an acid melting at 59.5 60.8° with a molecular 
weight of 296. It contained 0.72 + 0.05 atom per cent deuterium. 

In both experiments, one of which was of 5 days and the other 
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of 37 days duration, the palmitic and stearic acids had approxi- 
mately the same deuterium content. Fraction 10 of Experi- 
ment B contained fatty acids of molecular weight greater than 
that of stearic acid. The deuterium content was higher than 
that of the palmitic and stearic acid fractions. 


Cholesterol from Chick Embryos Developed in a Medium of 
Heavy Water 


The cholesterol was isolated from the same eggs as were used 
for the investigations of fatty acids (1). Five fertilized eggs were 
injected on the Ist day of development with 0.35 cc. of a solution 
of 0.9 per cent sodium chloride in 98 per cent heavy water. 
Another group of five eggs received 0.5 ec. of the same solution. 
Right of these eggs developed normally. The remaining two 
were probably not fertilized. No infection occurred. Two 
eggs were worked up after 9 days of development and the rest at 
the 20th day; 7.c., immediately before hatching. The cell water 
of the eggs injected with 0.35 ec. contaimed 0.47 to 0.65 atom per 
cent deuterium, and the water of the eggs injected with 0.5 ee. 
contained 0.81 to 0.98 atom per cent. Each egg was worked up 
separately. 

The cholesterol was isolated from the unsaponifiable matter 
by recrystallization from methanol until the melting point was 
147°. In none of the samples was the deuterium concentration 
of the water obtained by combustion higher than 0.02 atom per 
cent. 


DISCUSSION 


Barbour and Trace (14) have found that high concentrations 
of deuterium (20 per cent) in the body fluids of mice affect the 
metabolic rate and give rise to toxic symptoms. In order to 
avoid these complications the deuterium content of the body 
fluids of our mice was kept low. In the range in which all our 
experiments have been carried out (1.5 per cent DeQ) no such 
effects are to be expected nor were they ever found. 

The data given in Table I show that the deuterium content 
of the fatty acids and of the cholesterol depends on the duration 
of the experiment. 
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Results on Fatty Acids 


In Figs. | and 2 we have plotted the deuterium content of the 
total fatty acids and of the saturated and unsaturated acids 
versus the time of the experiments. In Experiment 6 the 


> | | 
| 
S | oe 
| | | | 
| | | ) 
| | | | | 
0 DW 4 FH 80 W HO 
DAYS 
ric. 1. Deuterium content of total fatty acids 


Cc 


~ | =» 
S02 SATURATED ACIDS 
@ -@ UNSATURATED 
al 
| 


Fic. 2. Deuterium content of saturated and unsaturated fatty acids 


mice were not injected with D.O at the start of the experiment 
but only given dilute heavy water to drink. We have therefore 
plotted in Fig. 1 and Fig. 3 the values for total fat and cholesterol 
from Experiment 6 as equivalent to a 10 day experiment. To put 
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all experiments on a comparable basis it was necessary to correct 
for the variations in the deuterium content of the body fluids in 
the different experiments. We have recalculated the values for a 
deuterium concentration in the body fluids of 1.5 per cent. If 
the heavy water concentration in the body fluids was higher than 
1.50 per cent, the value for the fatty acids was decreased propor- 
tionately and vice versa. We are not certain that this correction 
is justified, since the deuterium content of the body fluids was 
determined only at the time the mice were killed. The fluctua- 
tions in heavy water concentration, however, could not have been 


very great. 
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kia. 3. Deuterium content of cholesterol from mice 


Drawing quantitative conclusions from biological data of such 
nature is rather difficult. The elimination of the biological flue- 
tuations by the use of still larger groups of mice was not prac- 
ticable owing to the expense of the heavy water.® 

Qur mice gained weight in the course of the experiments, 
especially near the end. All experiments were begun with adult 
male mice weighing 17 to 19 gm. After 60 and 98 days they 
averaged 28 and 25 gm. respectively. This gain must have been 
aecompanied by an increase of fat. It is difficult at the present 
time to evaluate the effect this would have on the deuterium 
content of the fatty aeids. 


‘ For each mouse an average of about 3 ec. of water per day was required. 
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With these influences in mind, it is nevertheless apparent that 
the deuterium content of the total fatty acids rises and becomes 
constant after about 30 to 40 days. In the previous paper (1) 
in which we reported the first part of this curve (Experiments 1, 
2, 4, 5, and 7) we had tentatively concluded that the turnover 
of the fatty acids on our bread diet was complete in about 6 to 
8 days. Since our values must follow an exponential curve, 
it is more convenient to use the concept of the “‘half-lifetime.”’ 
In our case it is defined as the time necessary for the deuterium 
content of the fatty acids to reach half of its maximum value. 

We had concluded that the half-lifetime was about 3 days. 
The additional data obtained from the long feeding experiments, 
together with those previously secured, indicate that the turn- 
over is somewhat slower, with a half-lifetime of about 5 to 9 
days.’ The difference between the old and the new value of the 
half-lifetime is due to the fact that in our earlier experiments 
the values obtained after 6, 9, and 19 days were the same. It is 
now apparent that this was fortuitous. It is to be expected that 
a great many factors such as diet, temperature, metabolic rate, 
ete., may influence this value. It may, furthermore, depend 
upon the amount of carbohydrate (or protein) absorbed in excess 
of that which can be immediately burned or deposited as glycogen. 

In Fig. 2 are plotted the deuterium contents of the saturated 
and unsaturated acids in the same manner as the total fatty 
acids in Fig. 1. The values for the combined fatty acids of 
Experiments 4, 5, and 7 have been plotted as if they corresponded 
to an 11 day experiment. The two fractions take up deuterium 
at somewhat different rates. The deuterium content of the 
saturated acids is always higher than that of the unsaturated 
ones. This is the same as we had found in our short time experi- 
ments. It is difficult to tell from the data whether the deuterium 
content of the unsaturated acids has reached a maximum or 
whether it is still slowly increasing after 98 davs. If the latter 


’ The half-lifetime was also determined as before by investigating the 
rate at which the deuterium-containing fatty acids, deposited in the fat 
tissues by feeding, disappeared on our bread diet. In an experiment with 
thirty mice we have followed the deuterium content for 16 days. Half of 
the deuterium was gone after about 8 days. This value is in better agree- 
ment with the one obtained from the complete heavy water experiment 
than with the one previously suggested. 
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were true, it would seem that there were two processes operating: 
a fast one which accounts for the rapid initial uptake and a slow | 
one which is still going on, even after this long period. If, how- 
ever, equilibrium were attained, it would be very difficult to in- 
terpret the results. One would expect that when equilibrium is 
attained, after prolonged feeding with heavy water, the deuterium 
content of both fractions would approach the same value, since 
the mechanisms of formation are, in principle, probably the same. 
The experimental diet contained a small amount of fat (3. per 
eent). If this fat were responsible for the difference, one would 
ti have to assume that the unsaturated acids of the diet were selec- 
| tively deposited, while the saturated acids were burned. This 
explanation does not appear to be plausible. Experiments on a 
completely fat-free diet may throw light on this mechanism. 
The almost equal concentration of deutertum in the palmitic ! 
and stearic acids suggests a close metabolic relationship between | 
them. 


t 
4% 
2 
& 
é 
ig 
y 
4 
id 


f 


Results on Cholesterol 


The uptake of deuterium by the cholesterol is interpreted as 
discussed above to indicate a synthesis of cholesterol from other 
compounds. This process is slower than that of the fatty acids, 
a finding well in accord with other studies on fat and cholesterol 
metabolism. The half-lifetime, assuming we have reached the 


th maximum value (see Fig. 3), seems to be about 15 to 25 days. 

| Hh Some of the difficulties of the fat experiment do not appear in 

7; ti the cholesterol experiment. The sterol content of our diet is 

: () only 0.03 per cent and consists primarily of plant sterols which 

: it are not absorbable. Also, the cholesterol content of mice, in 

i contrast to that of the fatty acids, is remarkably constant from 
a mouse to mouse (0.28 to 0.31 per cent) (7). 

i" The results of the exchange experiments as well as those with 

| at the hen’s eggs show that the deuterium could not have entered 


by exchange but must have been introduced during chemical 
reactions, 7.e. formation of cholesterol. 

1 While it is not possible, from the quantitative data, to draw 
it definite conclusions as to sources used for the cholesterol forma- 
af tion, some mechanisms frequently discussed can be excluded. 
i | As mentioned in the introduction, the new findings definitely rule 
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out the formation of cholesterol from a steroid present in the food. 
A mechanism must be postulated whereby about half of the hy- 
drogen atoms of the cholesterol were at some stage in exchange 
with the hydrogen of the body fluids. 

As cholesterol is always associated in the organism with other 
lipids, its direct formation from fatty acids has frequently been 
discussed and several schemes for the conversion of fatty acids 
into cholesterol have been proposed. All these schemes involve 
the utilization of the fatty acids without previous degradation. 
None of the known biological findings, however, can be taken as 
proof for the formation of sterols from fatty acids.  Miuinovici 
(15), in a series of experiments on cockroaches, dogs, and mice, 
found teeding of oleic acid to lead to an extraordinary increase of 
cholesterol synthesis. His findings on mice are in disagreement 
with the results of Schoenheimer and Breusch (7), who fed large 
amounts of lard (containing 50 to 60 per cent oleic acid (16)) to 
mice without observing significant increase of cholesterol 
-synthesis compared with controls on a low fat diet. Minoviei 
determined the sterols in his balance experiments by the Windaus 
digitonin method, as well as by colorimetric methods, and found 
in almost all analyses an agreement within a few per cent. This 
agreement is dificult to understand, as the sterols which he ana- 
lyzed were mixtures of cholesterol, plant sterols, fecal sterols, etc., 
whieh all precipitate quantitatively with digitonin but give widely 
different color intensities. 

Recently, Eckstein and Treadwell (17), in well controlled 
experiments, have found that rats fed large amounts of soy bean 
oil show a small but significant increase of their cholesterol 
synthesis. The authors discuss the possibility of a conversion of 
lat into cholesterol. While these experiments can be taken as 
an indication that a high fat diet may increase the cholesterol 
synthesis to a small extent, they do not offer a proof for the 
conversion of fatty acids into cholesterol. The increase of chol- 
esterol is minute, compared with the large amounts of fatty 
acids utilized by the animal, and probably does not exceed a 
fraction of a percent. The results could equally well be explained 
by the frequently discussed theory (see (9)) that cholesterol plays a 
role in the transport of fatty acids in the organism. The handling 
of a larger amount of fatty acids may require the presence of a 
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larger amount of cholesterol, the latter being formed according 
to the need. The amount of cholesterol might thus have been 
increased according to the requirements, but not because the 
starting material for the synthesis was available in large amounts. 

We interpret our results as ruling out a process by which 
cholesterol in the animal is formed by cyclization of fatty acids, 
and suggest instead that it is formed by the coupling of smaller 
molecules, possibly those which have been postulated to be inter- 
mediates in the fat and carbohydrate metabolism. 


SUMMARY 


1. The reactions are discussed by which deuterium may enter 
from the water of the body fluids of animals into organic com- 
pounds. 

2. In vitro experiments on the exchange of the hydrogen of 
palmitie acid and cholesterol with that of heavy water were car- 
ried out. Neither of the two compounds contains any slowly 
exchangeable (semilabile) hydrogen. 

3. The heavy water content of mice was raised by injection of 
D.O to 1.5 per cent and kept there for periods up to 98 days. 
Groups of mice were killed at intervals and fatty acids and cho- 
lesterol isolated. The fatty acids were separated into the unsatu- 
rated and saturated ones and from the latter palmitie and stearic 
acids were isolated. 

4. As in previous experiments the deuterium content of the 
total fatty acids increased with time and reached a constant 
value. The complete data indicate a half-lifetime of about 5 to 
9 days for the fatty acids. 

5. The deuterium content of the saturated acids in all samples 
was higher than that of the unsaturated; stearic and palmitic 
acids had about the same deuterium content. 

6. The deuterium content of the cholesterol rose to one-half 
that.of the body fluids. The rate was slower than that of the 
fatty acids. The half-lifetime is about 15 to 25 days. 

7. Cholesterol was isolated from chick embryos which had 
developed in eggs containing heavy water. It did not contain 
deuterium. This proves the absence of an in vivo exchange which 
is not reproducible in vitro. 


= 
4 
; 
| 
| 
i 
| 
| 
| 


1). Rittenberg and R. Schoenheimer 253 


8. During the developmental period of hen’s eggs there occurs 
| ~—s neither synthesis nor degradation of cholesterol. 

9. The high deuterium content of the cholesterol of mice sug- 
gests that in mammals it is prepared by the coupling of a large 
number of small molecules. 
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FURTHER STUDIES ON FACTOR W* 
By D. V. FROSTt ann C. A. ELVEHJEM 


(From the Department of Agricultural Chemistry, University of Wisconsin, 
Madison) 


(Received for publication, August 5, 1937) 


In a previous paper Elvehjem, Koehn, and Oleson (1) presented 
evidence for the existence of a water-soluble vitamin present in 
liver extract and yeast which was distinct from the known vita- 
mins. Rats placed on a purified diet in which vitamin B,; was 
supplied in crystalline form, vitamins B, and Bs from white corn, 
and flavin and the antipellagra factor in concentrates prepared 
from liver extract failed to grow until the entire liver extraet or 
yeast was added. This factor could be separated from liver 
extract by treating a concentrated aqueous solution of the powder 
with large volumes of a mixture of aleohol and ether. It was 
tentatively designated the alcohol-ether precipitate factor. Since 
our knowledge of this factor grew out of our original studies on 
the antipellagra factor, and since liver extract was used as a source 
of the factor, there has been some tendency to confuse this factor 
with the antipellagra factor. It should be emphasized that the 
new factor is separate and distinct from the antipellagra vitamin. 
The aleohol-ether precipitate fraction was completely inactive 
in the prevention of pellagra-like lesions in chicks (2). In order 
to obviate this difficulty and to eliminate the term alcohol-ether 
precipitate factor, which is both long and misleading, we have 
substituted temporarily the simple term, factor W. 

In the work which has been published flavin was added to the 
basal ration as a concentrate prepared from liver extract and fed 


* Published with the permission of the Director of the Wisconsin Agricul- 
tural Experiment Station. 

A preliminary report of this work was presented before the Thirty-first 
meeting of the American Society of Biological Chemists at Memphis, April 
21-24, 1937. 

t Eli Lilly and Company Fellow. 
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in amounts equivalent to 2 per cent of the liver extract. Certain 
investigators have criticized this procedure on the basis that the 
concentrate might not supply sufficient flavin and that the precip- 
itate fraction merely supplied additional amounts of this essential 
factor. In this paper we wish to present further evidence that 
the profound growth-stimulating property of the alcohol-ether 
precipitate fraction is due to a factor distinct from flavin and to 
give additional information about the properties of this factor. 


EXPERIMENTAL 


We have continued to use Ration Ky described previously (1) 
as the basal ration. It has the following composition. 


gm. 
Reprecipitated skim milk casein. . 
Butter fat. | | 
Cod liver oil 

micrograms 

Crystalline vitamin B, 120 


When crystalline vitamin B,; became available at a reasonable 
price, the amount added was increased to 120 micrograms per 100 
gm. of ration in order to eliminate any possible deficiency of this 
factor when the food consumption was decreased. We have used 
both the Winthrop and Merck products. In some series Labeco 
casein was substituted for the casein prepared in our laboratory, 
with equal results. 

This ration supplies sufficient amounts of vitamins B,, By, and 
Bz, but is low in flavin, factor W, and probably the antipellagra 
factor. Halliday and Evans (3) have recently reported that they 
obtained growth and cure of florid dermatitis in rats on a low 
vitamin Be, diet with the alcohol-ether precipitate fraction from 
whole liver and concluded, therefore, that vitamin Bg is adsorbed 
during the precipitation and that the precipitate does not carry a 
new factor. One of us (C.A.E.) has pointed out in an addendum 
to their papér that their results do not conflict with our conelu- 
sions. As far as Ration Kj is concerned, it is only necessary to 
point out that it carries 12 per cent white corn, and most workers 
are agreed that this level would supply adequate vitamin Be. 
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Also rice bran, which is a good source of vitamin Be, gives a poor 
response when fed as a source of factor W. 

In our earlier work concentrates of the antipellagra factor were 
added to the basal ration. Further studies have shown that 
identical. results are obtained with and without this supplement. 
Some workers (4) have concluded that rats do not require the anti- 
pellagra vitamin in any significant amount. We do not have 
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CHarvt I. Growth curves for rats on basal Ration Ky», basal plus flavin, 
and basal plus supplements containing both flavin and factor W. 


enough data to allow a definite conclusion and can only suggest 
that our basal ration contains sufficient amounts of this factor or 
that the experimental period was not long enough to induce a 
deficiency. 

The only remaining deficiencies in Ration Ky, therefore, are 
flavin and factor W. If flavin were the only deficiency, normal 
growth should result when pure flavin is added. The results 
obtained by the addition of pure flavin are given in Chart I. All 
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258 Further Studies on Faetor W 
rats used in this work were taken from our regular stock colony 
and placed on experiment when 21 to 28 days of age. 

Rats placed on Ration Ky. with no supplement show practically 
no growth. If they do grow, it 1s only during the Ist week or 2, 
and after that the weight either remains constant or declines 
slightly. The animals rarely die before 6 weeks, but if they are 
continued on the ration, they generally succumb after another 
2 to 5 weeks. During the entire period of retarded growth no 
gross pathology except occasional alopecia is apparent. Even the 
alopecia occurred in only a relatively small number of the animals. 
The only explanation that we can offer is that different animals 
vary in the rate at which they become depleted in flavin and 
factor W. When flavin is exhausted first, alopecia may develop; 
when factor W is the main deficiency no outward symptoms 
appear. However, we have seen rats showing alopecia recover 
by the addition of factor W alone. 

None of the animals has shown any cataract. This is quite 
surprising, since Day, Darby, and Langston (5) have consistently 
produced cataract on flavin-low diets. They have also shown that 
the addition of sufficient flavin to allow growth prevents the 
development of cataract. Certainly our animals which showed no 
growth should have been very susceptible. Although many of 
our animals were not maintained on the basal ration longer than 6 
weeks, a sufficient number were continued to demonstrate cataract 
if it were going to develop. We must also recognize that our 
ration included 12 per cent corn which would supply some flavin. 
We have hesitated to remove the corn from the basal ration unti! 
better sources of vitamins B, and Bs are available. 

When Ration Kj. was supplemented with 1 microgram of pure 
flavin! per gm. of ration, a small but definite growth response 
resulted. The maximal variation in the growth of twelve male 
rats receiving this level of flavin is compared with the basal ration 
in Chart I. The growth response obtained when each rat re- 
ceived 20 micrograms of flavin per day is alsoshown. The growth 
is only slightly better and cannot compare with the growth 
obtained in the rats receiving supplements containing both flavin 


‘We are indebted to Dr. S. Lepkovsky, University of California, and 
Dr. J. W. Hart of the Winthrop Chemical Company, Inc., for generous sup- 
plies. of flavin. 
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and factor W. ‘The average weekly gain over the 6 week period 
never exceeded 10 gm., which is less than one-third the normal rate 
obtained in the latter groups. The addition of 40 micrograms 
daily gave no better growth than 20 micrograms daily. The 
inability of flavin to produce normal growth unless accompanied 
by factor W is more clearly evident from the results obtained when 
flavin and concentrates of factor W free of flavin were fed alone 
and in combination. 

In the previous work regular commercial liver extracts (Lilly, 
Wilson, and Abbott) were used as starting material for the prepa- 
ration of the alcohol-ether precipitate. About a year ago Dr. 
C. E. Graham of The Wilson Laboratories sent us several liver 
fractions which were by-products in the manufacture of the per- 
nicious anemia fraction. One of the fractions was found to be 
highly active as a source of factor W. The growth curves in 
Chart I show that Ration Ky: supplemented with 1 per cent of 
this material gave a growth response equal to that obtained by 
an addition of 2 per cent liver extract, 4 per cent bakers’ yeast, or 
15 cc. of milk daily. The active fraction represents the filtrate 
remaining after the precipitation of the pernicious anemia factor 
with 92 per cent alcohol. It is a dark, viscous material containing 
60 per cent solids. 1 part of this concentrate is equal to 200 
parts of the original fresh liver. The material as obtained re- 
duces methylene blue and gives a strong reduction with Fehling’s 
solution. 

Since the 92 per cent alcohol-soluble liver fraction contained 
considerable protein, no complete fractionations could be made 
with such reagents as fullers’ earth, mercury salts, or phospho- 
tungstic acid. Attempts were made, therefore, to obtain a more 
homogeneous and easily workable concentrate by extracting with 
various solvents. Amyl alcohol, ether, and dioxane were com- 
pletely ineffective, but acidified aqueous acetone yielded a clear 
brown solution containing all the activity and practically no 
protein. Extraction with dry acetone (Sullivan’s method) 
removed no activity. 

The solution was acidified because we had found that much of 
the factor W in the alcohol-ether precipitate from regular liver 
extract was closely associated with protein. Continuous dialysis 
of this product removed less than one-half of the total activity in 
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several days. When the precipitate fraction was first treated 
with weak acid, a much larger portion of the activity was recovered 
in the dialysate. 

Method 


1 kilo of 92 per cent alcohol-soluble liver extract was placed in 
1 liter of water containing 5 cc. of 1:1 HCI, and 9 liters of acetone 
were added with constant shaking. The acetone fraction was 
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(‘art II. Growth curves showing typical responses of rats on basal 
rations Ky. and Kj, to flavin alone, concentrates of factor W alone, and the 


combination of the two. 


decanted off and the residue treated in the same way with a 
mixture of 200 ec. of water, 5 ec. of 1:1 HCI, and 3 liters of acetone. 
After six more similar extractions the residue contained very little 
activity. The acetone was recovered from the combined extracts 
by ordinary distillation and the last traces were removed by 
vacuum distillation. When the dark, aqueous solution was 
diluted with water to 5 liters, considerable denatured protein 
separated out. This was readily removed by filtering on filtercel. 
The clear brown solution was quantitatively freed of flavin by 
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adsorption on 500 gm. ot tullers’ earth at a pH of about 3. In 
some preparations the fullers’ earth adsorption was repeated but 
it was found unnecessary if the pH was kept at 3 or below. 

Typical growth curves of rats given this concentrate of factor 
W with and without flavin are shown in Chart II. Flavin was 
fed at a level of 20 micrograms per rat per day and the factor W 
concentrate at a level equivalent to 0.2 gm. of the original material 
per day. ‘The response when both were added to the diet of rats 
maintained on Ration Ky until growth had ceased was immediate 
and profound. When factor W was added alone, there was good 
growth for about 2 weeks, after which the growth curve reached a 
plateau. If flavin was added at this point, there was immediate 
resumption of growth, which continued at a rapid rate for some 
time. Responses of 50 gm. in 1 week have been very common. 
An actual increase in weight of 15 gm. may be observed 24 hours 
after the addition is made. When flavin was added alone the 
growth stimulation was not so great nor so prolonged as with 
factor W alone. The addition of factor W, after growth had 
ceased on flavin, produced the characteristic growth response. 
These results demonstrate very clearly the importance of supply- 
ing ample amounts of factor W as well as flavin when any of the 
other vitamin B factors are being studied. 

Some attempts have been made to aggravate the factor W defi- 
ciency through the use of a more highly synthetic ration in the hope 
of producing a more definite pathology. We used a ration (Ky) 
made up as follows: dextrin 76, casein (Labeo) 18, Salts T 4, 
cottonseed oi] 2, and vitamin B, 200 micrograms. 2 drops 
daily of wheat germ oil containing 2 per cent percomorph oil 
(Mead’s) supplied 60 international units of vitamin A and 9 
international units:of vitamin D. Rats raised on this regimen 
plus 20 micrograms of flavin daily ceased to grow after 3 weeks 
and maintained themselves at about 70 gm. for considerable 
periods (Chart Il). These animals showed no dermatitis or other 
gross deficiency symptoms. The addition of the factor W concen- 
trate after several weeks on flavin alone again gave the phenom- 
enal growth response. An average growth curve for two rats 
receiving flavin and factor W from the beginning is included for 
comparison. 

Consumption records were kept on these animals for the first 5 
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weeks on the respective regimens. The average daily intake of the 
two animals maintained on Ration Ky plus 20 micrograms of 
flavin per day was 3.5 gm. ‘The average intake of the two litter 
mates raised on Ration Ky plus 20 micrograms of flavin plus 
adequate factor W was 8.0 gm. 

The addition of cod liver oil directly to the ration in place of 
the wheat germ and percomorph oil gave identical results. This 

ation has been designated Ration Keo and has been used for the 

assay of certain of the concentrates. The majority of the assays 
have been made on Ration Ky; which is identical with Ration K,. 
except 1 microgram of flavin is added per gm. of ration. At first 
the concentrates to be tested were added directly to the basal 
ration but as the preparations became more highly purified they 
were fed to the rats in small porcelain cups. Very little difficulty 
has been encountered in getting the animals to consume the 
preparations. The activity is based on the gain in weight over a 
5 week period. 

Many procedures have been tried for the separation and concen- 
tration of factor W; however, only the more significant results 
will be outlined. 

Adsorption on Charcoal--In the previous paper (1) we reported 
that this factor was adsorbed on charcoal but that difficulty was 
encountered in the removal of the active material from the char- 
coal. Further attempts to elute the factor with alcoholic pyridine 
or ammonium hydroxide were entirely unsuccessful. 

When work on the aqueous liver extract was discontinued in 
favor of fractionation of the 92 per cent alcohol-soluble material, 
attempts to use chareoal for adsorption of factor W were con- 
tinued. Difficulty was now encountered in recovery of the active 
material because both the filtrate and the eharcoal proved in- 
active. Since the supply of the charcoal used in the first work 
was exhausted, we thought that the variable results might be due 
to the use of a different charcoal. Nuchar and norit A (Pfan- 
stiehl) were then tried, with the result that no activity could be 
recovered. The charcoal and filtrates were fed separately and 
together at very high levels but none showed any appreciable 
growth-stimulating effect (see Chart III). We thought that 
factor W might be held so effectively by these activated charcoals 
that the animal could not remove the vitamins, but elution with 
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Cuarr III. Results showing the inability to recover the activity of 
factor W from concentrates treated with charcoal. 
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Cuart IV. Growth curves for rats on basal Ration K,; plus supplements 
of 1 to 92 per cent alecohol-soluble liver extract previously subjected to acid 
oralkali treatments, as indicated in Curves B to G. 
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pyridine-methyl alcohol did not alter the results. At present it is 
impossible to decide whether factor W > was inactivated by the 
charcoal or whether the proper conditions for removal were not 
| found. In any case the use of charcoal as one step in the concen- 
tration seems impractical. 


Stability to Acid and Alkali-—In order to determine what condi- | : 
tions might be used without danger of destruction, mild treatment 
with acid and alkali was tried. The results are given in Chart 
IV. No activity was destroyed when the 92 per cent alcohol- | 
soluble liver extract was held for considerable periods of time in | P 


the cold if the pH of the solution ranged from 2 to 10. When the 
solution was refluxed with HCI at pH 1 for > hour, about 50 per 
cent of the total activity was destroyed. When the heating was 
eontinued for 10 hours, all activity disappeared. The same 
results were obtained by refluxing at pH 3 for 3 hours. No 2 
detectable decrease in activity as measured with Ration Ky; was 

observed when the solution was refluxed at pH 9 for } hour. How- 

ever, when the pH was increased to about 13, a very large part 
of the activity was destroyed in the same length of time. Further iz 
evidence that factor W cannot be flavin was obtained by the expo- 
sure of these solutions to light. Irradiation of the solutions at 
pH 9 with ultraviolet or with light of longer wave-length, a pro- 
cedure known to destroy flavin, had no deleterious effect on the 


| 


activity. 
Thus factor W is quite stable to both acid and alkali at ordinary 
temperatures but is destroyed by heating in fairly strong acid or ( 
alkali. The nature of the destruction by acid heating seems to ) rae 
follow a slow hydrolysis with resultant formation of a humin-like 
precipitate. The reducing power to Fehling’s solution and to anc 
alkaline iodine reagents is lost by acid and alkaline hydrolysis and effe 
this destruction closely parallels the disappearance of the activity. ads 
Mercury Precipitation—-The chemical properties of factor W 
appeared to be similar in many respects to those reported for the } mer 
pyridine nucleotides (Warburg and Christian (6)). This fact, mer 
together with the apparent close relationship of factor W and trat 
; flavin in the biological response, led us to investigate the possible the 
t identity of factor W and the various coferments. Since we had T 
| obtained factor W in an aqueous acetone solution, it was possible is sl 


to proceed directly according to the method developed by War- equi 
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burg for the precipitation of pyridine nucleotides and other purine 
derivatives from an acetone extract of red blood cells. 

The flavin-free fullers’ earth filtrate was treated with 600 gm. of 
Hg(OAc)2 dissolved in a minimum of warm water and the pH 
adjusted to 7 for maximum precipitation. The mercury precipi- 
tate was allowed to settle in the cold for 24 hours and centrifuged. 
The precipitate was washed twice with 1 per cent Hg(OAc)s. The 
precipitate was then suspended in about 1 liter of water and treated 
with HS with shaking until precipitation of the mercury was 
complete. After centrifuging, the HgS was suspended in water 
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Cuarr V. Growth curves showing the activity of mercury and barium 
fractions. 


and air was passed through the suspension for 2 hours. This 
effects elution of much of the active material from the highly 
adsorbent HgS. ‘The combined filtrates were concentrated in 
vacuo and tested for mercury. ‘This fraction was designated the 
mercury precipitate fraction. The filtrate from the original 
mercury precipitation was freed of mercury with HeS and concen- 
trated 7n vacuo to remove the occluded H.S and was designated 
the mercury filtrate fraction. 

The activity of these preparations when added to Ration Kj; 
is shown in Chart V. The mercury precipitate fed at a level 
equivalent to 0.4 gm. of the original material daily gave a growth 
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response of 15 to 18 gm. per week. ‘This was not an optimum 
response but we felt that this decreased activity might be due toa 
natural loss during the process of fractionation. However, the 
addition of higher levels did not give greater increments in growth, 
Actually, the mercury filtrate gave a better growth response when 
fed at an equivalent level. The combination of the two fractions 
fed at one-half the level of the individual supplements gave stil] 
better growth. These assays have been repeated several times 
with identical results. This result gave the first suggestion that 
we might be dealing with more than one factor. 

Further indication of the bipartite nature of factor W arose 
from an attempt to use Warburg’s method (6) for fractional precip- 
itation of the barium salts of adenine nucleotide and the pyridine 
nucleotides in water and in alcohol. The method was applied 
directly to the fullers’ earth filtrate and was carried out as follows: 

200 ce. of the fullers’ earth filtrate were treated with a solution 
of 10 gm. of Ba(OAc). in 25 ee. of water and the slight colloidal 
precipitate which formed was removed on filtercel and discarded. 
The solution was then made alkaline to phenolphthalein with 140 
ec. of cold, saturated Ba(OH). and another slight precipitate was 
removed as before and discarded. These two slight precipitates 
represent the water-insoluble barium salts of adenine nucleotide 
and are referred to in Warburg’s scheme as Barium Salt 1. The 
solution was then diluted with a 3-fold volume of alcohol and the 
flocculent precipitate which formed centrifuged out in the cold. 
The precipitate was not washed, but was dissolved directly in 100 
ec. of water. Barium was removed quantitatively from the aque- 
ous solution with a minimum of sulfuric acid and the concentrate 
was made to pH 5 for assay. This barium precipitate fraction 
corresponds to the Barium Salt 2 of Warburg and represents the 
barium salt of triphosphopyridine nucleotide (coenzyme). The 
alcoholic filtrate, which in the procedure of Warburg contains the 
barium salt of diphosphopyridine nucleotide (cozymase) and is 
called the Barium Salt 3, was also freed of barium with sulfuric 
acid and prepared for assay. 

Repeated assays of the fractions singly and in combination at 
half levels showed somewhat greater growth for the combined 
_ fractions than for either fraction alone (Chart V). 

The apparent indispensability of both the mercury precipitate 
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fraction and the mercury filtrate fraction for optimum growth 
received further confirmation from the fact that the diminishing 
growth of animals maintained on either fraction alone for 5 to 6 
weeks was immediately stimulated by supplementation of the 
other. ‘The marked increase in growth rate induced by substitu- 
tion of the mercury filtrate fraction for the mercury precipitate 
fraction might logically be due to the greater potency of the 
filtrate fraction. However, growth was also enhanced when the 
precipitate fraction was supplied together with the filtrate fraction 
to animals maintained on the filtrate fraction until growth had 
slowed. ‘This was true even though the level at which the mercury 
filtrate had been fed was halved at the time of introducing the 
mercury precipitate fraction. No growth stimulation occurred 
when the mercury precipitate was substituted for the mercury 
filtrate. This may merely indicate that no storage of the factor 
earried by the mercury filtrate occurs under these conditions, 
but that storage of the factor carried by the precipitate does 
occur. 

These findings necessarily changed the plan of our investiga- 
tion, for they automatically obviated the possibility that factor 
W in its entirety is a purine or pyrimidine derivative. They like- 
wise obviated the possibility that factor W is one or both of the 
pyridine nucleotides. Presumably the entire molecules of co- 
enzyme and cozymase would not exist as such in liver extract 
unless the livers used for the preparation of the liver extract were 
heat-treated immediately after removal from the animal to destroy 
the enzymes present. The possibility that the substance or 
substances in the mercury filtrate constitute degradation products 
of the pyridine nucleotides is a very likely one, and a study of this 
possibility was our next step. 

Attempts to isolate nicotinic acid amide, the prosthetic group 
of the pyridine nucleotides, from either the mercury precipitate 
or filtrate fractions have thus far been unsuccessful, but this may 
be due to the presence of interfering substances in our concentrates. 

The possible growth-stimulating effect of crystalline nicotinic 
acid amide? has been under investigation for well over a year in 
this laboratory. The first levels tried were quite low because 


*We are indebted to Dr. H. Adkins and Mr. E. L. Hutchinson for a 
supply of nicotinic acid amide. 
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nicotinic acid amide was thought to have toxic properties. — Later 
when a growth response was noted with a combination of adenine 
nucleotide and nicotinic acid amide at quite low levels, we could 
not be certain whether the combination of the two was needed for 
growth or whether one substance alone was the active agent. An 
investigation of the substances singly and in combination at much 
higher levels was then carried out with very interesting results, 

At the first level tried of only 50 micrograms per day there was 
no measurable response with nicotinic acid amide. Adenine 
sulfate and nicotinic acid amide together at 50 microgram levels 
proved inactive. When adenine nucleotide,® 200 micrograms, and 
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Cuart VI. Growth curves for rats on basal Ration Ky; plus adenine 
nucleotide, adenine nucleotide supplemented after growth had slowed with 
nicotinie acid amide, nieotinie acid amide alone, and nicotinic acid alone. 


nicotinic acid amide, 80 micrograms, were fed daily, a slight stimu- 
lation ensued. Adenine nucleotide and nicotinic acid amide were 
then investigated singly and in combination at higher levels 
(Chart VI). Each substance produced a definite and measurable 
response, but the nature of the responses was quite dissimilar. 
Adenine nucleotide at 1 mg. daily supported slight growth for a 
few weeks. The growth response was immediate but not con- 


3 The adenine nucleotides used in this work were supplied to us by Dr. 
Mary V. Buell, the Johns Hopkins University. Two different nucleotides, 
heart nucleotide and yeast nucleotide, were tried. No great difference in 
activity has been observed thus far. 
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tinued. Nicotinic acid amide, as compared to this, at a 1 mg. level 
daily produced no significant increase during the Ist week or 2 
but a rising and constant increase thereafter. Combination of 
nicotinic acid amide and adenine nucleotide, each at 1 mg. per 
day, allowed a more immediate and even response and the 
amount of increase was somewhat greater than in the case of the 
nicotinic acid amide alone. Nicotinic acid alone at a 1 mg. level 
resulted in a very delayed response and growth was not as great 
at any time as that obtained with the amide. 


DISCUSSLON 


We feel that ample evidence has been presented in this paper 
to establish the existence of an essential factor or factors distinct 
from vitamin By, flavin, antipellagra factor, vitamin By, and vita- 
min Bs. The results also indicate that the metabolism of the 
additional factor is closely related to flavin. This would suggest 
that we might be dealing with coenzyme and cozymase. The 
isolation work, however, indicates that the concentrates do not 
contain the intact coferment. The preliminary results show that 
certain degradation products have growth-stimulating properties. 
The implications of these data are very interesting in view of the 
recent recognition of the importance of nicotinic acid amide and 
the pyridine nucleotides in biological processes (7). 

There are certain reports in the literature dealing with the 
relation of nicotinic acid amide as well as the free acid to the 
growth of rats and carbohydrate metabolism but the results are 
not entirely in agreement. 

In 1935 von Euler and Malmberg (8) using a ration similar to 
the Sherman-Borquin diet but supplemented with a vitamin B, 
concentrate and 10 micrograms of flavin per day per rat showed 
the complete inefficacy of highly purified preparations of cozymase 
and coenzyme in amounts of 1 mg. per day per rat. They ob- 
tained no growth with nicotinic acid or nicotinic acid amide at | 
mg. daily levels, using the same ration supplemented with vitamin 
B, and flavin. Neither did they obtain a growth response with 
adenylic acid or a high purine concentrate (Liebig’s meat extract). 
The fullers’ earth filtrate from a boiled yeast extract likewise 
proved inactive. The workers did find some indication that 
nicotinic acid amide might have some beneficial effect, since it 
prolonged the life of rats on deficient diets. 
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Funk (9) has reported that nicotinic acid and nicotinic acid 
amide administered orally or by injection had growth-promoting 
properties and food-sparing action for rats. Since the details of 
this work have not been published, it is impossible to compare 
these results with those we have obtained. 

Very recently the essential nature of cozymase or coenzyme in 
the nutrition of Haemophilus parainfluenze was demonstrated by 
Lwoff and Lwoff (10). This particular pathogenic type of bae- 
terium cannot utilize nicotinic acid amide in place of cozymase asa 
growth stimulant. Knight (11) working with Staphylococcus 
aureus found nicotinic acid amide, nicotinic acid, and the ethyl ester 
of nicotinic acid all to be active growth factors. Since the amide 
was almost immediately active, the activity of the acid somewhat 
delayed, and the activity of the ester most delayed, a chemical 
change of the two latter forms to the amide was assumed to have 
occurred in vivo. Cozymase proved extremely potent in minute 
amounts and the growth response was immediate. 

The delayed response to nicotinic acid amide and nicotinic acid 
which we have found to occur uniformly in rats, we believe, indi- 
eates that neither of these is the active growth principle, but that 
they must first be conjugated with something else in the body. 
Also the more delayed response elicited by feeding of nicotinie 
acid than that shown by the amide leads to the natural conclusion 
that the acid is first aminated in vivo. The apparently important 
part played by adenine nucleotide fits well into the theory that 
the pyridine nucleotides are the ultimate active growth principles 
and that rats are capable of synthesizing them from these con- 
stituent parts. 

The separation of two supplementary fractions from factor W 
concentrates with mercury occurred almost coincidentally with 
our finding that adenine nucleotide had a supplementary growth 
effect with nicotinic acid amide. If present attempts to isolate 
adenine or its nucleotide from the precipitate and nicotinic acid 
amide from the filtrate prove successful, the very apparent simi- 
larity between growth responses obtained with pure adenine 
nucleotide and nicotinic acid amide and responses obtained with 
the mercury fractions from factor W preparations will be borne 
out. 

Certain tests have been applied to all of our preparations in the 
hope that we might find some chemical characteristic intimately 
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connected with the biological activity of the effective moiety. 
As previously stated, all active preparations have strong reducing 
properties as measured by capacity to reduce Fehling’s solution. 
Since many substances which could reduce alkaline copper might 
feasibly occur in all of our concentrates, this finding offers little 
basis for correlation. A strong pentose reaction is also obtained 
by Bial’s and Tollens’ tests with all active preparations and in 
many cases the amount of pentose has been quantitatively esti- 
mated according to the ‘‘Methods of analysis of the Association of 
Official Agricultural Chemists.’ Caleulating the amount: of 
pentose as ribose, we have found the mercury filtrate to contain 
about 4 times that of the mercury precipitate on equivalent 
samples. Since other furfural-producing substances than pentoses 
may be present in our preparations, this finding again does not 
offer conclusive evidence of the constituency of the active 
groupings. 

Attempts to apply the Lane-Eynon and Shaffer-Hartmann 
titration methods for reducing sugars proved unwieldy and yielded 
variable results. A still further titration method for aldose sugars 
was then tried according to the method of Myrback (12) who 
had shown in 1935 that there was correlation between the lability 
to alkali and acid treatment of the reducing group of cozymase and 
its fermentation activity. Myrback had found that the Will- 
stiitter-Schudel alkaline iodine method gave a figure for glucose 
more than twice that given by the Shaffer-Hartmann method, 
but that this high reducing activity to iodine was more than 60 
per cent destroyed by short heating with weak alkali and acid. 
Karrer et al. (13) in 1936 indicated the great capacity of synthetic 
pyridine bases to take up iodine and to lose this capacity by acid 
or alkaline heating. The latter reaction is thought to be quite 
specific for pyridine bases and its application to our preparations 
was made with this in mind. ‘The mercury precipitate fraction 
first investigated gave reactions much like those reported by 
Myrback for impure preparations of cozymase. There was 29 
per cent destruction of the reducing activity to alkaline iodine by 
10 minutes heating at a pH of 10+. The calculation was made as 
glucose. The mercury filtrate fraction gave almost identical 
results, the destruction as glucose amounting to 30 per cent, 
although in this case the heating was continued for } hour. 

The significance of the strong reducing properties of factor W 
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preparations is not known, but would appear to be related to both 
the content of pentoses and the presence of pyridine bases. 


SUMMARY 


1. Further evidence is presented for the existence of a water- 
soluble vitamin in liver preparations which is distinct from the 
known vitamins. This factor has been designated temporarily 
factor W. 

2. Normal growth is obtained in rats fed the basal Ration Ky 
only when adequate amounts of both flavin and factor W are 
supplied. 

3. A method for the preparation of a concentrate of factor W 
from the 92 per cent alcohol filtrate from liver extract is described. 

4. The activity of the factor W concentrates seems to be de- 
stroyed when attempts are made to adsorb the factor on charcoal, 
It is very stable to acid and alkali in the cold, and complete 
destruction does not take place even by boiling for short periods 
at pH 1 and pH 9.0. 

5. When attempts were made to precipitate the active sub- 
stances with mercury according to the method of Warburg, both 
the precipitate and filtrate gave growth responses but optimum 
growth was obtained only when both fractions were fed. Further 
indication of the multiple nature of factor W was obtained from 
work with barium fractions. 

6. Definite growth responses have been obtained by the addi- 
tion of adenine nucleotides and nicotinic acid amide to the basal 
Ration Ky supplemented with flavin. Adenine nucleotides alone 
produced an immediate but not continuous response. Nicotinic 
acid amide alone gave a very poor response at first but after about 
2 weeks a very definite and prolonged increase in the rate of 
growth resulted. The combination of the two supplements gave a 
more immediate and continuous response. 

7. The relation of these results to the recent work on the struc- 
ture of cozymase and coenzyme is discussed. 
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STUDIES ON BIOLOGICAL OXIDATIONS 


VIII. THE OXIDATION OF GLUTATHIONE WITH COPPER AND 
HEMOCHROMOGENS AS CATALYSTS 


By CARL M. LYMAN anp E. 8. GUZMAN BARRON 


(From the Lasker Foundation for Medical Research and the Department of 
Medicine of the University of Chicago, Chicago) 


(Received for publication, July 6, 1937) 


There exist in living cells a number of oxidation-reduction sys- 
tems possessing the following properties: (1) not being autoxi- 
dizable, 7.e. not directly oxidized by molecular oxygen; (2) being 
oxidized by hemochromogens of suitable oxidation-reduction 
potential; (3) being reduced, under proper conditions, by oxi- 
dizable substrates; (4) being sluggish, thermodynamically re- 
versible oxidation-reduction systems. Ascorbic acid (vitamin C), 
glutathione, some of the heme complexes belonging to the cyto- 
chrome group, and the quaternary pyridinium compounds (such 
as Warburg’s coenzyme, pyridine triphosphonucleotide) are so 
far the most important systems belonging to this group. The 
function of pyridine triphosphonucleotide as one of the reversible 
steps in certain biological oxidations has been demonstrated by 
Warburg and his coworkers (1). A similar function has been 
demonstrated by Keilin (2) for the cytochromes belonging to this 
group. ‘The functions of the first two systems are not yet clear. 
It is surprising to find that, although the réle of glutathione as 
a respiratory catalyst was put forward as soon as Hopkins (3) 
discovered it 16 years ago, there is as yet no positive evidence that 
glutathione functions as such. That glutathione does not belong 
to the group of oxidizing catalysts electromotively active, which 
constitute the last reversible step in the series of reactions between 
substrate and molecular oxygen, is shown by its inertia towards 
molecular oxygen demonstrated by Meldrum and Dixon (4) 
and by the difficulty experienced by a number of investigators 
(Ghosh and Ganguli (5), Fruton and Clarke (6), Green (7)) in 
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their unsuccessful attempts to measure its oxidation-reduction 
potential. 

Glutathione and a&Scorbic acid seem to possess closely related 
properties in the chemical activities of biological systems, main- 
taining graded levels of reduction intensity necessary for the 
performance of certain biochemical processes. Both substances 
are present in the living cells, mostly in their reduced forms, 
both are catalytically oxidized by copper, and glutathione, like 
ascorbic acid, is (as will be shown in this paper) oxidized by 
atmospheric oxygen with hemin and hemochromogens as cata- 
lysts. 


EXPERIMENTAL 


In these experiments the same precautions to avoid contamina- 
tion of our solutions by heavy metals were taken as in the experi- 
ments on the oxidation of ascorbic acid (Barron, DeMeio, and 
Klemperer (8)). The glutathione was obtained from Hoffmann- 
La Roche, Inc., and used without further purification, for in 
control experiments the oxidation of the glutathione without 
added catalyst was negligible. The oxidation of glutathione was 
earried on in the usual Warburg-Barcroft manometers, at 27°, 
phosphate and borate buffers being used to control the hydrogen 
ion concentration of the solutions. 

Copper As Catalyst for Oxidation of Glutathione by Atmospheric 
Oxygen—In accordance with the findings of Voegtlin, Johnson, 
and Rosenthal (9), copper proved itself a powerful catalyst for 
the oxidation of glutathione, the oxidation coming to an end as 
soon as the glutathione was converted into the disulfide (Fig. 1). 
The rate of oxidation of glutathione with copper as catalyst 
increased as the pH value of the solution was increased 
(Table I), there being a direct relation between the half-oxidation 
time in minutes and the hydrogen ion concentration of the solu- 
tion, as can be seen in Fig. 2, where the logarithm of the half- 
oxidation time in minutes has been plotted against the pH value 
of the solution. At pH 6.35, where the dissociation of the —SH 
group of glutathione is negligible, oxidation of glutathione with 
copper as catalyst was also negligible. Since the rate of oxidation 
increased as the degree of dissociation of the -SH group of gluta- 
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thione increased, it may be concluded that the rate of oxidation 
of glutathione with Cu as catalyst depends on the degree of disso- 
ciation of the —-SH group of glutathione. A similar relation 
between the degree of dissociation of ascorbic acid and the rate 
of oxidation with copper as catalyst may be postulated from Bar- 
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Oxygen Consumption in ©.mm. 


10 20 50 40 50 60 
Time in Minutes 


Fic. 1. The oxidation of glutathione with copper as catalyst. Amount 
of glutathione, 0.02 mm; amount of CuC]l,, 0.0002 mm; pH 8.705; temperature 
27°. Caleulated O, consumption, 112 ¢e.mm.; found, 111.3 ¢.mm. 


ron, DeMeio, and Klemperer’s data (8). At pH values found in 
biological fluids, namely pH 6 to 7, ascorbic acid, being mostly 
dissociated (pk 4.21 (10)), would be rapidly oxidized by copper if 
no protective mechanism were present, whereas glutathione, 
having its —SH group mostly undissociated (pK of —-SH group 
9.62 (11)), is either not oxidized at all with copper or oxidized 
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at a very slow rate. For example, at pH 7.0, half-oxidation of 
glutathione (0.02 mm) with 0.0002 mm CuCl, as catalyst required 
104 minutes, while half-oxidation of ascorbic acid under identical 
conditions took only 10 minutes. 


TABLE | 


Effect of Hydrogen Ion Concentration on Catalytic Power of Copper in 
Oxidation of Glutathione by Atmospheric Oxygen 


Amount of CuC],, 0.0002 mm; amount of glutathione, 0.02 mM; tem- 
perature 27°. 


pH Time required for half-oxidation 


main. 
6 35 323 
6 S87 127 
7.13 
7.57 45 
7.97 21 
8 71 
9 36 4 
Ne 
3 
62 eH 7 8 


Fic. 2. The oxidation of glutathione with copper as catalyst. Relation 
between pH and rate of oxidation. Ordinate, log of half-oxidation, time 
in minutes; abscissa, pH. 


The rate of oxidation of ascorbic acid with copper as catalyst 
depends on the state of ionization of copper (12). The rate of 
oxidation of glutathione with copper as catalyst was not affected 
by the degree of ionization of copper. In fact, the rate of oxida- 
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tion of glutathione at pH 7.4 with CuCle as catalyst, in the pres- 
ence and absence of 6 per cent egg albumin, was identical, while 
under similar conditions the oxidation of ascorbic acid was 
inhibited by 92 per cent. 

Hemin and Hemochromogens As Catalysts for Oxidation of Gluta- 
thione —It has been maintained by Meldrum and Dixon (4) and 
Voegtlin, Johnson, and Rosenthal (9) that hemin possessed such 
low catalytic power for the oxidation of glutathione that it could 
not be considered an effective catalyst. In their experiments 
they compared the catalytic power of hemin and CuCh according 
to their weight in gm., a comparison indeed unjustifiable. Blood 
hemin and its hemochromogens (pyridine, nicotine, pilocarpine) 
act as catalysts for the oxidation of glutathione, the oxidation 
proceeding according to the coupled reactions: 


2he*** + 2GSH = 2Fe*+ + G—S—S—G + 2H* (1) 
2Fett + 2H* + 40, = 2Fet** + HO (2) 


The validity of Equation 1 was easily verified by adding gluta- 
thione to pyridine ferrihemochromogen in the absence of oxygen, 
whereupon the ferrohemochromogen was immediately formed, as 
recognized by the appearance of the two typical spectral bands 
of this complex. The validity of Equation 2 was verified by the 
oxygen uptake, 1 atom of oxygen per molecule of glutathione. 
Although ferrihemin did not combine with glutathione, it did, 
very slowly, with oxidized glutathione, giving a green complex 
compound which had lost the property of being reversibly oxidized 
and reduced. It could not be reduced with hydrosulfite. The 
combination of the disulfide with ferrihemin can best be observed 
by adding reduced glutathione to pyridine ferrihemochromogen 
at pH 7.4. At the end of 4 hours the red pyridine ferrihemochro- 
mogen changed into a dark green compound with disappearance, 
on spectrophotometric examination, of the absorption band be- 
tween 5000 A. and 5700 A., the characteristic band of pyridine 
ferrihemochromogen (Fig. 3). } 
This transformation of a hemochromogen (an electromotively 
active oxidation-reduction system) into an iron porphyrin com- 
plex which is not easily oxidized and reduced, a transformation 
probably due to the union of Fet** with the disulfide, acquires 
biological importance in view of Stern’s recent paper (13) in which 
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he reports that catalase (a protein-iron-porphyrin complex) is 
remarkably stable against the oxidizing and reducing agents 
known to act on hemochromogens. The formation of this green 
complex compound of ferrihemin with oxidized glutathione would 
thus provide support for Bersin’s (14) suggestion that the pro- 
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Pic. 3. The absorption spectrum of pyridine ferrihemochromogen alone 
(Curve 1) and 4 hours after being shaken with glutathione (Curve 2). 
pH 7.0. 


tein in catalase is united with the Fe*** of porphyrin through 
a sulfur linkage, since catalase also is stable towards oxidizing 
and reducing agents. 

The rate of oxidation of glutathione with hemin as catalyst 
showed an optimum at about pH 8.0, decreasing asymptotically 
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towards both the alkaline and the acid sides of this pH value 
(Fig. 4). 

A comparison of the catalytic effect of hemin and hemochromo- 
gens at pH 7.4 showed that pyridine hemochromogen was the 
most effective catalyst, with nicotine hemochromogen next, then 
hemin, then pilocarpine hemochromogen as the least effective. 
Since the dk&’o/dpH value of hemin is —0.06 volt per pH unit, 
while the d#’)/dpH value of pilocarpine hemochromogen is only 
—0.015 volt per pH unit (13), piloearpine hemochromogen at 
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hic. 4. The effect of pH on the rate of oxidation of glutathione with 
hemin as catalyst. 


pH 9.1 has an E#’,) value more positive than that of hemin. If 
the catalytic power of these systems depends on their free ener- 
gies, pilocarpine hemochromogen would become at this pH valuc 
a better catalyst than hemin. Indeed, this was the case, as can 
be seen in Table Il. At pH 7.4 the catalytic power of pyridine 
hemochromogen was 0.87 of the catalytic power of copper when 
the concentration of the catalysts was 0.0002 mm. 

Effect of HCN—<According to Krebs (15), the oxidation of 
cysteine with hemin as catalyst is inhibited by small concentra- 
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tions of HCN. The oxidation of glutathione with hemin as 
catalyst is not so sensitive to HCN as is the oxidation of cysteine. | 
HCN at a concentration of 0.0016 M per liter (ratio of HCN te 
hemin = 80:1) produced an inhibition of only 10 per cent; even 

TasLe Il 
Oxidation of Glutathione by Atmospheric Orygen with Blood Hemin and 
Hemochromogens As Catalysts 
Amount of hemin, 0.0002 mM; amount of glutathione, 0.02 mM; tem- 
perature 27°. 
oH 
oxidation 
rolt mean. 
7.4 Pilocarpine hemochromogen —0 140 302 
Hemin —(). 138 1OS 
Nicotine hemochromogen +() 162 SO) 
Pyridine +0 146 65 6 
9 | Piloecarpine hemoechromogen 0 163 320) 
Hemin ~0 270 1157 | 


TaBLeE III 
Effect of HON on Oxidation of Glutathione by Atmospheric Oxygen with 
Hemin As Catalyst 


Amount of glutathione, 0.02 mm; amount of hemin, 0.0002 ma; pH 7.4; 
temperature 27 . 


HON Time required for 


nhibiti 
half-oxidation Inhibition 


M per man. per cent 

0 108 

0 OOOS* 104 None 

0 OO16 120 10.0 
0 OOS 212 49 0 
0.020 687 84 3 
0 O40 No oxidation (‘omplete 

* pH 7.52. 


a concentration of 0.02 mM per liter (ratio of HCN to hemin = 
1000:1) failed to produce complete inhibition, which was not 
reached until 0.04 m HCN per liter was used (Table III). This 
low inhibiting effect of HCN on the oxidation of glutathione with 
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hemin as catalyst, together with the lack of inhibition by HCN 
on the oxidation of fatty acids with hemin as catalyst (Auhn 
and Meyer (16)), must be borne in mind before we conclude that 
a determined oxidation is not catalyzed by hemin, simply because 
the oxidation failed to be inhibited by HCN. 


DISCUSSION 


The role of sluggish oxidation-reduction systems in the chemical 
activities of living cells is still little understood. Warburg and 
his coworkers, in a series of remarkable papers, demonstrated 
that a triphosphopyridine nucleotide, the “coenzyme,” acted as 
an intermediate oxidation agent, oxidizing the oxidizable sub- 
strate, to be itself oxidized by an electromotively active oxidation- 
reduction system (yellow ferment) which finally reacted with 
atmospheric oxygen. Glutathione and ascorbic acid are, like 
Warburg’s coenzyme, not oxidizable by atmospheric oxygen, 
and are not electromotively active systems. Ball (10) has demon- 
strated that ascorbic acid is a sluggish oxidation-reduction sys- 
tem, and preliminary experiments performed in this laboratory 
favor the opinion that glutathione is also a sluggish system. 
Oxidized glutathione can be reduced by mammalian tissues 
(Hopkins and Elhot (17)), the reduction probably being produced 
by the oxidation of glucose in the presence of ‘“‘glucose dehydro- 
genase,’ a phenomenon reported by Mann (18). It can also be 
reduced, according to Meldrum and Tarr (19), by hexosemono- 
phosphate in the presence of Warburg and Christian’s ‘‘enzyme”’ 
and “coenzyme” systems. Undoubtedly a limited number of 
oxidizable substances, which have been activated by the activat- 
ing enzymes, may reduce oxidized glutathione, the number being 
limited because of the markedly negative oxidation-reduction 
potential of glutathione. Reduced glutathione is oxidized, like 
most sluggish systems of biological importance, by hemochro- 


mogens. | 

Ascorbic acid and glutathione, by virtue of their high reducing 
power, undoubtedly play an important part in the oxidation- 
reduction continuum of the cells, favoring principally the pro- 
duction of synthetic reactions. By maintaining the intensity 
level of reduction, it may be possible to regulate the rate of a 
number of reversible oxidation-reduction reactions. The main- 
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tenance of a definite level of hemoglobin formation by ascorbic 
acid, for example, seems to be possible (Barron and Barron (20)), 


SUMMARY 


Glutathione, which is not oxidized by atmospheric oxygen when 
dissolved in buffer solutions free of heavy metals, is readily oxi- 
dized in the presence of copper, hemin, or hemochromogens as 
catalysts, the oxidation ending with the formation of the disulfide. 
HCN inhibits the oxidation of glutathione with hemin as catalyst 
only when high concentrations are used. The rate of oxidation 
of glutathione with copper as catalyst increases as the pH value 
increases. With hemin as catalyst, the rate of oxidation has an 
optimum at pH 8. 
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Among the systems acting as catalysts for biological oxidations, 
hemes and certain nitrogenous compounds of hemes (hemochro- 
mogens) hold a place of first importance. Warburg’s (1) “‘Sauer- 
stoffiibertragende Ferment der Atmung,”’ the oxidizing catalyst 
of a great number of biological oxidations; Keilin’s (2) cyto- 
chromes, the heme complexes which take part in_ biological 
oxidations as one of the reversible steps in the series of reactions 
between foodstuffs and molecular oxygen; peroxidase (Kuhn, 
Hand, and Florkin (3)); and catalase (Zeile and Hellstrém (4), 
Stern (5))—all these systems contain a heme as the active nucleus. 
Since hemes and hemochromogens are essentially iron complex 
compounds in which the iron changes reversibly from the Fe*+** 
to the Fe** state, these substances may be submitted to the clas- 
sical treatment of Clark for oxidation-reduction systems. <A 
study of the free energies of these systems, as obtained by potenti- 
ometric methods, is, indeed, essential not only for predicting the 
thermodynamic possibility of the occurrence of a reaction where 
hemes may act as catalysts, but also, in certain cases, for predict- 
ing the rate of reactions. We are indebted to Conant and col- 
laborators (6, 7) for the first explorations in connection with the 
oxidation-reduction potentials of blood hemin and its pyridine 
hemochromogen. Conant with his observations on the oxidation- 
reduction potentials of pyridine hemochromogen and hemoglobin 
opened the way to a study of the variations of the free energy of 
hemin when a nitrogenous substance combines with it. The 
complex nature of the spectrum of cytochromes, as well as the 
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characteristic spectrum of each enzyme possessing a heme as the 
active nucleus, is evidence that these systems have not only 
different nitrogenous constituents but also different hemes. <A 
study of the free energies, as measured by the oxidation-reduction 
potentials, of a variety of hemins and hemochromogens was, 
therefore, considered essential before attempting a study of the 
free energies of the heme complexes as they exist in the different 
enzymes. 

Warburg and Negelein (8) have classified hemins in three 
groups: (1) red hemins (blood hemin and derivatives, copro- 
hemin, pyrrohemin, phyllohemin, and rhodohemin); (2) green 
hemins (pheophorbide hemins); and (3) mixed, dichroic, hemins 
(Spirographis hemin); groups which are easily characterized by 
the spectroscopic properties of their ferrohemochromogens. It 
was decided to take representative examples of these three classes 
of hemins and determine the oxidation-reduction potentials of 
the hemins and of some of their hemochromogens in order to 
correlate later the free energy changes with changes in the 
molecular structure and spectroscopic properties. This paper 
deals with the oxidation-reduction potentials of a hemin belong- 
ing to the group of red hemins, blood hemin (the FeCl compound 
of 1,3,5,8-tetramethyl-2 ,4-divinylporphyn-6 ,7-dipropionic acid) 
and of two groups of its hemochromogens: the group in which 
the affinity of the nitrogenous constituent for hemin is high 
(cyanide, pilocarpine, histidine, globin hemochromogens) ; and the 
group in which this affinity is low (nicotine, a-picoline, pyridine 
hemochromogens). 


Nomenclature 


The nomenclature suggested by Pauling and Coryel (9) has 
been adopted in this paper, certain historical names being retained 
because of their general use. The iron porphyrin complex 1s 
called heme, as suggested by Anson and Mirsky (10), being fern- 
heme in its oxidized state and ferroheme in its reduced state. 
Ferriheme chloride will be called, as usual, hemin. The name 
hemochromogen is used to indicate complex compounds of heme 
and nitrogenous constituents which are electromotively active 
reversible oxidation-reduction systems. (Hemoglobin, which is a 
heme compound of native globin, is therefore not considered a 
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hemochromogen, because it is not an electromotively active oxida- 
tion-reduction system.) Thus, Keilin’s (11) parahematins will 
be called ferrihemochromogens, and Anson and Mirsky’s (12) 
hemochromogens will be called ferrohemochromogens. 


EXPERIMENTAL 


All the hemins obtained from the market and prepared by 
Schalfejew’s method (13), as well as the hemin prepared in the 
laboratory by Willstatter and Fischer’s method (14), gave insol- 
uble residues. The hemin used in the experiments reported here 
was prepared according to a procedure described in a previous 
paper (15), where the chemical analysis and spectroscopic prop- 
erties can be found. 

The potentials were measured at 30° by a type KK Leeds and 
Northrup potentiometer, with the Michaelis standard acetate 
(pH 4.62) used as reference electrode. The #’) values were ob- 
tained either by mixing equal amounts of ferri- and ferrohemin 
or by titration with hydrosulfite (Na28.O,;), ferricyanide, or titan- 
ous tartrate. When it was found that the potentials of hemin 
at equal pH values depended on the nature of the buffers, titra- 
tions at all pH values were carried out once more, with only 
hydrosulfite as titrating agent. To avoid complications due to 
dilution effects, the hemin and hemochromogens were dissolved 
in 80 cc. of bufier solution and the titrations performed with 
microburettes similar to those described by Michaelis, Hill, and 
Schubert (16), the total amount of reagent not exceeding 3 cc. 
The burette for the measurement of the potentials in mixtures 
was similar to the Clark-Cohen burette (17), modified as shown 
in Fig. |. 

The oxidized system, dissolved in a buffer solution, and con- 
taining colloidal palladium (3 ce. of 0.1 gm. per cent for 50 ce. 
of solution) was put into the round vessel (A). The copper 
tube through which the gases were carried was connected to C 
and sealed with mercury. The system was reduced by passing 
hydrogen through the vessel A for 30 minutes, the hydrogen be- 


ing replaced then by nitrogen, which was bubbled for 1 hour. | 


Stop-cocks 2 and 4 were closed, and Stop-cock 1 was turned so as 
to connect vessel A with C and thus have nitrogen under pressure 
in vessel 4. To deliver the reduced system into the burette B, 
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Stop-cocks 2 and 4 were opened. ‘The contents of the burette 
were then transferred through Stop-cock 3 to the titration vessel, 


20 


Fic. 1. Burette for preserving reduced systems in the absence of oxygen. 
A, round vessel containing the original system and colloidal palladium; B, 
burette; C, cup with a glass tube inlet to which the copper tube carrying 
H, or N:; is attached. The cup is afterwards filled with mercury. 


which contained the system in its oxidized form. Hemin and 
all the hemochromogens studied, except cyanide hemochromogen, 
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were easily reduced by colloidal palladium. Cyanide hemo- 
chromogen failed to be reduced even after hydrogen had been 
kept bubbling for 3 hours. The same difficulty was experienced 
when an attempt was made to measure the pH values of cyanide 
hemochromogen solutions with hydrogen and colloidal palladium 
as a catalyst, as advocated by Biilmann and Klit (18). Except in 
eyanide hemochromogen, the electrodes used (blank platinum 
and gold) gave values agreeing with each other to about 0.1 to 
0.3 milivolt in hemin and all hemochromogen solutions. 

The hemin was dissolved in 0.2 N NaOH and appropriate quan- 
tities of solutions of 0.2 mM NasHPO,, and KH»PO, were 
added to have the system in a well buffered solution. 

On preparing the hemochromogens it was found that, while 
hemin dissolved easily in pyridine, piperidine, and a-picoline, it 
failed to dissolve in nicotine and pilocarpine unless they were 
diluted with water. 


Oridation-Reduction Potentials of Blood Hemin 


Before the method of hemin preparation was standardized, the 
KE’, values of different samples of hemin were found to vary by 
as much as 30 millivolts. No explanation can be offered for this 
discrepancy, unless it is assumed that the structural arrangement 
of the side chains of porphyrin is more easily altered than is 
generally supposed. Hemin samples prepared as indicated in a 
previous paper (15) gave reproducible potentials. 

On titration, hemin did not behave like the reversible dyes 
studied by Clark and his coworkers. At the beginning of a 
titration, 7.e. when the oxidized or reduced systems were up to 
5 per cent, the electrodes reached equilibrium very slowly (18 to 
25 minutes); at the end, 7.e. when the oxidized or reduced systems 
had reached 95 per cent, the E.M.F. values obtained at the two 
electrodes diverged inereasingly. From 5 to 95 per cent, the 
E.M.F. Values obtained at constant pH values agreed with those 
calculated according to the usual equation 


RT [Fe** hemin| 
nF | Fe***hemin|! 


where n = 1. 
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The £5 values of hemin were found to change with coneen- 
tration. Conant and Tongberg (7) were the first to report this 
anomaly; according to them, the potentials become more positive 
on dilution. Experiments on the effect of concentration had to 


‘be limited to a narrow variation in the concentration, because 


at higher concentrations than 5 10° 4 mM per liter ferrohemin 
precipitates, and at lower concentrations than 5 & 10°° mM per 
liter the potentials obtained were erratic and not reproducible. 
In Table I are reported titrations of hemin at different pH values, 
with different concentrations and different titration agents. In 
all cases the FE’, values were found, contrary to Conant’s observa- 
tions, to become more positive as the concentration of hemin 
increased. A quantitative treatment of this phenomenon was 


TABLE | 


Relation of Eo of Hemin to Concentration 


pH Buffer Titration agent 
M per I. rolt 
12.61 NaOH 0005 —0).442 Na 
11.78 Phosphate 0.0005 ~0. 405 K,Fe(CN 
OS Borate-tartrate 0) 0005 244 TiC], 


attempted but with no satisfactory results, because of increased 
association and finally precipitation of ferrohemin when the con- 
centration was increased. These findings may be compared with 
those of Cohen and Preisler (19), who, on studying the oxidation- 
reduction potentials of Nile blue, found that the EF’) values 
changed with the total concentration of the dye. In Nile blue 
the potentials became more negative as the concentration in- 
creased, a change which was attributed to aggregation of the oxi- 
dant. In hemin the potentials became more positive, because of 
aggregation of the ferrohemin. 

It is well known that hemin can exchange the Cl~ anion for 
Br~, I~, OH~, or other acid radicals; hemin may be represented 
thus 
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where R is an anion, the spectroscopic properties of ferrichloro- 
hemin and ferribromohemin being identical according to Haurowitz 
(20). When a solution of ferriheme hydroxide was added to 
phosphate, borate, and veronal buffers, it was found that the 
solubility as well as the oxidation-reduction potentials of hemin 
were different, an indication of the possible formation of complex 
compounds of hemin with the phosphate, borate, and diethy! 
barbiturate anions. Ferrihemin m a concentration of 0.001 m 
per liter tended to precipitate in phosphate buffer when the pH 
was lowered to 6.4, in borate buffer when the pH was 7.9, and in 
veronal buffer when it was 8.5. The spectroscopic properties 
were identical with those of ferriheme hydroxide. 

The oxidation-reduction potentials of hemin in phosphate and 
borate buffers at identical hydrogen ion concentrations were 
determined by titration with hydrosulfite at pH values of 8.17 
and 11.05 (Fig. 2). In both cases, the #’) values of hemin in 
borate buffers were 38 millivolts more negative than those in 
phosphate buffers. The low solubility of hemin in veronal buffers 
at a pH value of 8.17 prevented a comparison of the three buffers. 
Hemin in borate and veronal buffers at a pH value of 8.80 gave 
on titration £’, values of — 0.260 volt and — 0.222 volt, respectively. 

In the study of the relation of the oxidation-reduction poten- 
tials of hemin to the hydrogen ion concentration, another diffi- 
culty besides the one referred to above is the decreasing solubility 
of ferrihemin at pH values below 7. A number of titrations per- 
formed between pH values of 6.6 and 7.0 gave no reproducible 
values even in those instances in which the £.M.F. values at the 
two electrodes did agree. In most cases there was no agreement. 
In Table II are reported the EF’, values of 0.0001 m per liter of 
ferrihemin, all obtained by titrating ferrihemin with hydrosulfite 
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Per Cent Reduction 


hic. 2. The effect of anions on the oxidation-reduction potential of 
hemin. Concentration of ferrihemin, 0.0001 M per liter. ‘Titrated with 
NaS.O,; temperature 30°. © represents hemin in phosphate buffer; 
4 hemin in borate buffer. 


Fr in Voits 


and confirmed by the method of mixtures. In borate buffer the 
titrations were performed between pH values of 7.92 and 11.05; 
in phosphate buffers, between pH values of 6.99 and 8.18, and 
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between 11.05 and LL.81. By separate analyses of the two groups 
of BE’) values, those obtained in borate buffer, and those obtamed 
in phosphate and veronal buffers, and by the assumption that the 
—AER’,/ApH ratio is 0.06 volt per pH unit up to pH 0, the po- 
tentials of hemin (O.000L mM per liter) at 30° may be obtained 
from the following equation 


hemin| 


l 
2) 
|Fe***hemin| (2 


kK, = Ey — 0.06 log 


TABLE II 
Relation of E’o of Hemin to pH 
(, 30°; concentration of hemin, 0.0001 m per liter. 


pH Buffer | a 

rolt 
6.99 Phosphate 114 
7.3) 140 
8.18 188 
8.80 Veronal —(). 222 
11.05 Phosphate —0 365 
11.81 —Q 421 
7.92 Borate —0.212 
8.18 —0. 226 
8.77 43 —0.270 
9.36 —0. 300 
9.72 —(0.372 
10.40 356 
11.05 0.402 
12.61 NaOH —0.461 


where Ey) in phosphate buffer would be +0.306 volt; in borate 
buffer, +0.263 volt. The of hhemin hydroxide (as determined 
in a solution of NaOH) at a pH value of 12.61, agreed with that 
obtained by the use of Equation 2 with the Ay) value of hemin 
phosphate. | 
Table II] contains data for the titration of ferriheme hydroxide. 
0.0005 mM per liter of ferrihemin was dissolved in 0.1 N NaOH, 
75 ce. of this solution being used for the titration. ‘To avoid 
dilution effects, the concentration of hydrosulfite was such that 
1.440 cc. were required for complete reduction. The results of 
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such titration show that ferriheme hydroxide does not act like 
a polymer on potentiometric titrations, for the #, values agree 
with those caleulated according to Equation 1. If ferriheme hy- 


TABLE III 
Titration of Ferrthemin with NasSsO, in 0.1 NaOH 
Concentration of ferrihemin, 0.0005 m per liter, 75 ce. in titration vessel. 
30°. E, = BE’, — 0.0601 log [Fe** hemin!. = —0.4617 
volt (average figure of all titration values). 


Reduction found Ey, calculated Difference 
ee. per cent volt volt volt 
0 O70 4. 86 3830 3839 0009 
128 —0 4013 4019 0006 
0.225 15 62 4145 —O0.4173 —0 0030 
305 21.18 —0.4243 —(0.4274 0031 
398 27 63 4337 4865 —0 0028 
480 33.32 4420 4436 0016 
0 565 39.23 —0 4500 —0. 4503 —0 00038 
0 666 46.25 —0 4582 —-0.457s +0 0004 
0 77) 53.58 —0 4669 4655 +0 OO14 
0 890 61.80 4762 4745 +0 0019 
0 991 68 4846 —0. 4815 +0 .0031 
1 090 75 7 —0 4930 4914 +0 OO16 
1.210 5070 —0 5052 +0 OO1S 
1 330 92 4 5265 —0 5270 OO14 
1 410 97 5650 5622 +0 0028 


droxide be a dimer, Equation 1 would not fit the data obtained 
on titrating it with a reducing agent. For the reaction 


[Fe*** heme], + 2e 2Fe** heme 
the #, values are expressed at 30° by the following equation: 


heme}? 


++heme 


E, = Ey — 0.03 log (3) 
This decrepancy between conclusions arrived at by spectro- 
photometric data (15) and by potentiometric data has yet to be 


explained. 
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Oxridation-Reduction Potentials of Hemochromogens 


Anson and Mirsky (12) were the first to demonstrate that 
hemochromogens are formed when certain nitrogenous compounds 
are added to hemin, and the first to emphasize that the reaction 
is reversible. The hemochromogens contain 2 moleeules of a 
nitrogenous compound per moleeule of heme, as demonstrated 
by chemical analysis (von Zeineck (21), Fischer, Treibs, and Zeile 
(22), Langenbeck (23)) and by spectrophotometrie analysis (Hill 
(24), Hogness, Zscheile, Sidwell, and Barron (15)). According 
to Pauling and Coryel (25), the iron atom in hemochromogens, 
instead of being attached to the 4 adjacent nitrogen atoms of the 
porphyrin by tonie bonds as is true of the iron atom in hemin, is 
attached by covalent bonds not only to the 4 porphyrin nitrogen 
atoms but also to the nitrogen atoms of the two nitrogen-con- 
taining substances. This change of the state of iron, from ionic 
in heme to covalent in hemochromogen, is accompanied by a 
striking change in electroactivity. In effeet, it was found on 
titrating hemochromogens that from the beginning of a titration 
the electrodes gave quick stable potentials, behaving like truly 
electroactive systems. 

A considerable number of nitrogenous substances, mostly of 
basic character (some amino acids, imidazole compounds, pyri- 
dine derivatives, caffeine, evanide, ammonia, proteins), combine 
with hemin to give hemochromogens. the nitrogen being attached 
to eyelie groups in most of these substances. The conditions 
under which nitrogenous substances acquire affinity for heme are 
as yet unknown. 

By virtue of their reversibility the hemochromogens, in solu- 
tion, will dissociate according to the equation, hemin + 2N == 
hemochromogen, until an excess of nitrogenous compound = is 
added to prevent the reaction from going to the left. As there 
were no data on the dissociation constants of ferrihemochromo- 
gens, and preliminary determinations demonstrated that the fig- 
ures given for the dissociation constants of ferrohemochromogens 
(Hill (24)) were unreliable, potentiometric titrations of a number 
of hemochromogens were performed in borate buffer of pH value 
9.20 with the hemin concentration constant (0.0001 mM per liter) 
and increasing concentrations of the nitrogenous constituent. 
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} 
The #’) values became, in all cases, increasingly positive, reach- 
ing constant values when the concentration of the nitrogenous 
constituent was sufficiently in excess to prevent dissociation of 
T 
+0.050 
0.050 
0.100 
disfidine- hemochromogen 
0.190} pine- emochromogen 
yanide-hemochromogen 
oO 
0.200 
0.250}. 
M, perl. 02 (0.4 0.6 0.3 
oncen tration of Nitrogenous Substances 
Fic. 3. The oxidation-reduction potentials of hemin and some of its 
hemochromogens. The influence of the concentration of the nitrogenous 
substance. 
the hemochromogen (Fig. 3). Nicotine hemochromogen gave 
the most positive potentials (#’, = +0.050 volt); then came, in | 
decreasing order, pyridine hemochromogen (£’, = +0.017 volt), 
a-picoline hemochromogen (F’, = — 0.022 volt), histidine hemo- 
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chromogen (£’, = —0.129 volt), pilocarpine hemochromogen 
(E’) = —0.165 volt), and finally cyanide hemochromogen (£’5 = 
— 0.182 volt). 

Cyanide Hemochromogen-——The great affinity of cyanide for 
hemin being favorable for a more detailed study of the influence 
of concentration of the nitrogenous compound on the oxidation- 
reduction potential of hemin, titrations were performed in phos- 
phate buffer at a pH value of 12.01. The potential became 
constant when the eyanide concentration was 0.06 mM per liter 


(Table IV). 


TasBLe IV 
Oridation-Reduction Potential of Cyanide Hemochromogen; Relation of EB’, to 
Concentration of Cyanide 
pH 12.01; /, 30°. Hemin concentration, 0.0001 per liter. 


Cyanide concentration 
M per l. volt 
—0.440 
0. 0002 —0.402 
0.0005 —0. 380 
0.003 | —().298 
0.005 —0.253 
0 01 —Q.221 
0.015 —0.201 
0.02 —0.188 
0.03 —0.184 
0.04 —Q.183 
0.05 —(). 182 


0.06 | —0. 182 


The #’5 values of cyanide hemochromogen were determined 
between the pH values of 8.18 and 12.01 and found to be inde- 
pendent of the hydrogen ion concentration of the solution, the 
nature of the buffer, and the concentration of hemochromogen. 
Two titrations, as performed at these two extreme pH values, are 
reported in Tables V and VI. The value of —0.187 volt for the 
E>) at pH 8.18 was undoubtedly due to HCN formation, which 
does not give a hemochromogen (pk of HCN = 9.1 (26)). The 
PH values of the solutions were determined by the glass electrode. 
For this purpose, the pH values of buffers were determined simul- 


i 


TABLE V 
Titration of Cyanide Ferrihemochromogen with Titanous Tartrate 
Concentration of ferrihemin chloride, 0.0001 mM; of KCN, 0.05 Mm. pH 


8.18; 30°; —0.187. | 
|[Fe** eyanide hemochromogen | 

eyanide hemochromogen | 


E; found 


10.82 
16.22 
21.96 
26.92 
35.13 
43.28 
51.90 
59.73 
67.40 
75.73 
S482 
S881 
94.60 


—0. 1259 
—0.1399 
—0.1495 
1564 
—0.1699 
—0.1754 
1848 
—0.1928 
2020 
—0.2119 
.2267 
—0.2375 


—0. 2560 


298 


—Q. 1267 
—0. 1400 
—0. 1498 
—0. 1568 
—0. 1068 
—Q. 1750 
—Q. 1848 
—0.1925 
—Q. 2018 
—Q.2117 
2266 
—Q.2370 
—0 2573 


Reduction E, calculated Difference 
3.57 —0.1028 —0.1010 —0 0017 
8.12 —Q. 1240 —0. 1250 +0 0010 
12.98 —0.1378 —Q.1382 +0 0004 
18.18 —Q. 1482 —O. 1484 +0 0002 
| 23.08 —Q. 1562 —0. 1563 +0 0001 
29.22 1645 —0. 1643 0 
37.03 —0.1733 —0.1733 0 
45 48 —0. 1826 1824 —0.0002 
52.6 —0. 1894 —0.1916 +0 0026 
62.3 —0. 1998 —(0).1997 —0.0001 
71.1 2089 —(Q.2101 +0.0012 
79.1 —0.217 —0.2211 —0. 0041 
87.6 —0.231 —0. 2370 — 0.0060 | 
97 7 —0. 266 —0.277 —0 O11 
TaBLE VI 
4 Titration of Cyanide Ferrihemochromogen with 
{ Concentration of ferrihemin chloride, 0.0002 mM; of KCN, 0.08 mM. pH 
12.01; t, 30°; 0.1828 volt. 
cyanide hemochromogen| 
E, = —0.0601 log e hemochromogen 
[Fe*** cyanide hemochromogen | 
Reduction found calculated Difference 
5.40 —0.1070 —0. 1083 +0 0013 


+0 0008 
+0 0001 
+0 0003 
+0 0004 
—0.0001 
—0. 0004 
0) 
—0 0003 
—0 
—0 0002 
—0. 0001 
0005 


+0 0013 
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taneously by the glass electrode and the hydrogen electrode. 
Up to pH 9.50 the agreement was excellent. From pH 9.50 
to 12 a chart was made from these data which permitted the cal- 
culation of the pH values from the E.M.F. values obtained with 
the glass electrode. 


TasLe VII 
Titration of Pilocarpine Ferrihemochromogen with Titanous Tartrate 


Concentration of ferrihemin chloride, 0.0002 m; of pilocarpine, 0.0206 M. 
pH 9.26; ¢, 30°; Bo, 0.164 volt. 
[Fe** piloearpine hemochromogen| 
E, = — 0.0601 log 


—0.2712 


pilocarpine hemochromogen| 

Reduction found Ep, calculated Difference 

per cent rolt rolt volt 
2.0 —0 0532 —0.0625 +0 0093 
4.0 —0.0752 —0 0811 +() 0059 
6.0 —().O867 —0.0923 +0 0056 
10.0 1009 1067 +0 0056 
| 14.0 —0.1106 —0. 1166 +0 0060 
19.2 —0.1214 —0. 1265 +0 
26.0 —0. 1323 —0.1374 +0 0051 
32.4 —0. 1408 1449 +0 0041 
380 —0.1477 —0.1513 +0 .0036 
43.8 —0. 1562 —0. 1576 +0 .0014 

50.0 —0. 1641 

56.0 1736 1704 —~0.0032 
1827 —O 1769 —0 
68 0 —0. 1983 —0.1839 —0 0094 
74.0 —0. 2045 —Q0.1914 O131 
RO 4 0.2176 —0.2010 —0. 0166 
‘84.2 —0 2267 ~0 2078 —0_O189 
4 —0 2374 —().2172 —0 0296 
91.6 2486 —0 2266 —0 0220 
06 6 —0 2518 —0.0206 


Imidazole Hemochromogens Langenbeck (23) emphasized the 
importance of imidazole hemochromogens, because a large por- 
tion of the globin molecule of hemoglobin is made up of imidazole 
compounds. (Hemoglobin contains 33 moles of histidine per 
mole of hemoglobin (27).) Like cyanide hemochromogen, the 
imidazole hemochromogens are characterized by their great 
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affinity for hemin. From this group, the oxidation-reduction 
potentials of pilocarpine and histidine hemochromogens were 
determined. The potentials of pilocarpine hemochromogen 
became constant with a pilocarpine concentration of 0.02 M per 


- 0.300 


-0.200 


Pilocarpine 


-O.100 


+0.100 


Pic. 4. The relation of pH values to the 2’, values of hemin and of its 
hemochromogens. 


liter. Although the two electrodes came to equilibrium quickly 
and the E.M.F. values agreed within 1 millivolt, the /), values 
experimentally found did not agree with those caleulated from 
the usual equation with a 1 electron transfer when the ratio 
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hemochromogen]| to [Fe** hemochromogen| was greater 
than 1 (Table VII). This discrepancy was not due to dissocia- 
tion of the hemochromogen, for an increase in the concentration of 
pilocarpine was followed by steeper curves on both sides of the 
values, the value itself remaining constant. values of 
pilocarpine hemochromogen from pH values 7.50 to 9.30 are given 
in Fig. 4. In more alkaline solutions titrations were less satis- 
factory. At pH 10.24 the red piloecarpine ferrihemochromogen 
changed into brown, with a corresponding change in the spectral 


TasBLe VIII 
Titration of l-Histidine Ferrithemochromogen with 
Concentration of ferrihemin chloride, 0.0001 mM; of d-histidine, 0.07 Mo. 
pH 9.50; ¢, 30°; By (average), —0.1382 volt. 
[Fet* l-histidine hemochromogen| 
|Fe*** l-histidine hemochromogen| 


Reduction E), found E, calculated ) Difference 
per cent rolt volt 
6.1 —0.0575 —0 0669 +() 0094 
12.8 —0 0873 +() 0008 
19.55 1045 —0.1012 —0 .0033 
27.6 —0.1140 —0.1130 —0.001 
35.85 —0.1195 —0.1230 +() 0035 
49.36 —(). 1288 —0.1375 +0 0087 
61.5 —0.1897 —(0). 1504 +0 0107 
70.3 —-0.153 1607 +0. OO77 
76.7 —0.167 1693 +0 .0023 
—Q.1858 —(0. 1802 —().0053 
89.7 —0.2100 —0.1949 —0.0151 


95.0 —0.232 —0.2151 —0.0169 


properties; the ferrohemochromogen did not change its spectral 
properties. This color change of the ferrihemochromogen must 
be attributed to the dissociation of pilocarpine (pK, = 7.15; 
pk, = 12.57 (28)). 

Histidine (a-amino-8-imidazolepropionic acid) has also great 
affinity for hemin, the potentials becoming constant with a con- 
centration of 0.07 mM per liter. On titration, there were observed 
the same irregularities as those found with pilocarpine hemochro- 
mogen (Table VITT). 
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In both imidazole hemochromogens (histidine and pilocarpine), 
the ratio —dE’,/dpH was about 0.015 volt per pH unit (Fig. 4). 

On account of the discrepancy between the effect of the hydro- 
gen ion concentration on the potentials of hemin and its effect on 
the potentials of those hemochromogens where the hemin has 
great affinity for the nitrogenous compound, the F’» values of the 
hemochromogens which are more positive than those of hemin 
in alkaline solution approach the same values or may even be- 
come more negative as the pH values decrease (Fig. 4). 

Globin Hemochromogen Numerous titrations were made of 
globin hemochromogens, which had been prepared by addition 
of concentrated NaOH to crystalline hemoglobin. The hemo- 
chromogen was diluted to contain 0.0002 mole of heme per liter, 
reduced with colloidal palladium and hydrogen, and titrated with 
ferricyanide. The system behaved like hemin in its electro- 
active properties, the E.M.F. values of the electrodes reaching equi- 
librium very slowly. There were also observed the irregularities 
found on titrating the imidazole hemochromogens; namely, a 
fair agreement, up to 50 per cent oxidation, of the #, values ob- 
served with those calculated from the usual equation with 1 
electron transfer, and divergent values afterwards. The E’y 
values of globin hemochromogen were, at pH 9.17, —0.158 volt, 
at pH 7.06, —0.098 volt, agreeing closely with the potentials of 
imidazole hemochromogens. It is quite likely that the linkage 
of the globin molecule to the iron atom of heme takes place 
through the imidazole groups (histidine) present in the globin 
molecule. The oxidation-reduction potential of hemoglobin 
(FE, at pH 7.0, —0.028 volt, according to Conant and Pappen- 
heimer (29)) becomes thus more negative when it is converted 
into hemochromogen by denaturation of the globin molecule. 

Pyridine Hemochromogen ~The potentials of pyridine hemo- 
chromogen were determined in solutions containing 1 mole of pyri- 
dine per liter at different pH values from 8.28 to 11.98 (Fig. 5). 
Up to pH 10 the titration values agreed with EF), values calculated 
from the usual equation involving a 1 electron transfer. As the 
solutions were made more alkaline, the system gradually changed 
to one giving EF, values in agreement with those calculated from 
the equation involving a 2 electron transfer. Thus, at pH 10.89 
the experimental EF, values approached the theoretical values 
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obtained from the equation with a 1 electron transfer up to 50 
per cent reduction, after which the 2, values approached those 
calculated from the equation with a 2 electron transfer. At pH 
11.98 the hemochromogen behaved throughout like a system with 
a 2 electron transfer. The cause for this change has not yet been 
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lic. 5. The oxidation-reduction potentials of pyridine hemochromogen 
at different pH levels. 


ascertained. Pyridine ferrohemochromogen, at the concentra- 
tion used in these experiments (0.0001 m per liter), shows definite 
aggregation. As the alkalinity increases, both the ferri- and 
ferrohemochromogens might show greater tendency to polymeriza- 
tion (formation of [hemochromogen],) until the 2 iron atoms of 
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the polymer might gain or lose 2 electrons simultaneously. The 
—dE’)/dpH values of pyridine hemochromogen, like those of 
hemin, were 0.06 volt per pH unit. 

a-Picoline Hemochromogen—For determining the influence of 
structural changes in the pyridine molecule on the potentials of 
hemochromogen, there were used a-picoline and piperidine.  a@- 
Picoline (monomethylpyridine) gave a hemochromogen with 
dissociation constant similar to that of pyridine, as estimated 
from titration experiments with increasing concentrations of 


IX 
Titration of a-Picoline Ferrihemochromogen with NaS0, 
Concentration of ferrihemin chloride, 0.0001 M; of a-picoline, 1M. pH 
9.504; t, 30°; E's, —0.0224 volt. 
E, = — 0.0601 log hemochromogen| 
[Fe*** a-picoline hemochromogen! 


Reduction found calculated Difference 
per cent rolt rolt rolt 
12.23 +0.031 +0). 0291 —0 OOL9 
19.4 +0.0144 +0 .0148 +0 .0004 
28.7 +0 .0004 +0 0014 +0 .0010 
37.6 —0.0098 —().0092 —0.0006 
46.9 —0.0205 —0.0192 —0.0013 
55.8 —0.0291 0285 —0 0006 
64.8 —0.0374 —0.0384 +0.0010 
72.6 —0.0456 —0.0479 +0 .0023 
—0.0596 —().0600 +0 .0004 
88.5 —0.07438 —(0.0758 +0 .0015 


95.0 


—0.1010 


—0.0993 


0.0017 


a-picoline, constant potentials being reached with a concentration 
of 1 M a-picoline per 0.0001 m of hemin per liter. The solubility 
of the ferro compound was greater than that of pyridine, and 
no aggregation was noticed at the concentrations used in the titra- 
tions. The hemochromogen was titrated at pH values ranging 
from 7.84 to 11.84. In all these titrations the observed Ey 
values agreed closely with those calculated from Equation 1. 
In Tables [IX and X are presented the titration data obtained at 
pH values of 9.50 and 11.25. The —dk’)/dpH ratio was 0.06 
volt per pH unit. 
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Piperidine hemochromogen could not be titrated because the ex- 
cess Of base necessary to prevent dissociation of the hemochro- 
mogen kept the system in the reduced state. Attempts to titrate 
the ferro compound with ferricyanide also failed for the same 
reason. ‘The reducing power of piperidine towards its hemo- 
chromogen was such that even in the presence of oxygen the 
hemochromogen was kept reduced. Shaking produced the 
oxidized form, which, upon standing, was changed once more to 
the reduced hemochromogen. 


TABLE X 
Titration of a-Picoline Ferrihemochromogen with Na SO, 


Concentration of ferrihemin chloride, 0.0001 mM; of a@-picoline, 1 w. pH 
11.25; t, 30°; —0.148 volt. 

[Fe*** a-picoline hemochromogen} 


Reduction | E}, found | E, calculated | Difference 
per cent rolt volt volt 
4.86 —0.071 —0.0656 —0.0056 
12.80 —0.0974 —0.0929 —0.0045 
18.50 —0.1084 —0.1043 —0.0041 
26.35 —0.1196 —0.1161 —0.0035 
33.22 ~—0.1274 —0.1252 —0.0022 
40.50 —0.1348 —0.1330 —0.0018 
48 .20 —0.1412 —0.1411 —0.0001 
55.97 —0.1480 —0.1493 —0.0013 
63.22 —0.1540 —0.1571 +0 .0031 
72.58 —0.1625 —0.1682 +0 .0057 
79.10 —0.1695 —0.1778 +0 .0083 
86.10 —0.1793 —0.1906 +0.0113 


92. 50 0.1995 


Nicotine Hemochromogen——In the determination of the oxida- 
tion-reduction potentials of nicotine hemochromogen, difficulties 
were experienced when the concentration of nicotine was increased 
sufficiently to avoid dissociation of the hemochromogen. On 
titrating the ferrihemochromogen, it was found that nicotine 
itself partially reduced the ferrihemochromogen; the titration 
of ferrohemochromogen (obtained by reduction with colloidal 
palladium and hydrogen) with ferricyanide did not give satis- 
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factory results, possibly because of the oxidation of nicotine to 
nicotyrine by ferricyanide. In Table XI data are given on the 
titration of nicotine ferrihemochromogen containing 0.04 m of 
nicotine per liter. At this concentration of nicotine, not high 


TABLE XI 


Titration of Nicotine Ferrihemochromogen with Titanous Tartrate 
Concentration of ferrihemin chloride, 0.0001 mM; of nicotine, 0.04 x. 
pH 9.25; t, 30°; Bo, —0.025 volt. 
nicotine hemochromogen|! 
E, = — 0.0601 log 
nicotine hemochromogen| 


Reduction found calculated Difference 
per cent volt volt colt 
8.0 +0 .046 +0. 0388 —0.0072 
12.0 +0 .0305 +0 .0270 0035 
16.4 +0 .0182 +0.0175 —0 0007 
19 6 +0 .0104 +0. 0119 —-0.0015 
24.0 +0 0028 +0 .0051 +0 0023 
28.0 —0.0027 —0.0003 —0.0024 
32.0 —0 .0082 —0.0053 —0.0029 
36.0 —0.0124 —0.0100 —0.0024 
40.0 —0.0162 —0.0144 —0.0018 
44 0 —0.0201 —0. 0187 —0.0014 
48.0 0.0237 —0 .0229 —0 .0008 
52.0 —0 .0268 —0.0271 +0 .0003 
56.0 —0 —0.0313 +0 0012 
60.0 —0.0338 —0.0356 +0 0018 
64.6 —0.0382 —0.0407 +0 .0025 
67.92 —0.0415 —0 +0 0032 
72.0 —0 046 —0.0497 +0 0037 
76.0 —0.0516 —0.0551 +0 .0035 
80.4 .0586 —0.0619 +0 0033 
84.0 —0 —0.0683 +0 0015 
88 0 —0.0785 —0.0770 —0.0015 
92.0 —0.094 —0 0880 — 0.0060 


enough to prevent some dissociation of the hemochromogen, 
the E, values obtained agreed with those calculated from the 
usual equation involving a 1 electron transfer. The £#’> values 
of nicotine hemochromogen at pH values of 9.24 and 11.75 were 
obtained soon after nicotine was added from a spoon to a mixture 
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of ferri- and ferrohemin (Fig. 4). From these two measurements 
it seems that the —dE")/dpH ratio is 0.06 volt per pH unit. 
When hemin combines with nitrogenous compounds giving a 
hemochromogen of low affinity, the #’») values seem to change 
with the hydrogen ion concentration of the solution in the same 


manner as those of hemin itself. 


Spectroscopic Properties--As a rule, ferrihemochromogens on 
being reduced display the following changes in their spectroscopic 
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Wavelength in A. 


Fic.6. The absorption spectrum of cyanide hemochromogen. The solid 
line represents Fe***(CN). hemochromogen; the broken line, Fet*(CN), 
hemochromogen. 


properties: (1) a shift towards the red end of the spectrum of the 
great absorption band (around 4000 A.), (2) a splitting into two 
sharp bands of the single broad band situated between 5200 
and 5650 A. This is clearly shown in Fig. 6, which has been 
plotted from data on the absorption spectrum of cyanide hemo- 
chromogens. The shift of the great band towards longer wave- 
lengths on reduction has been observed also in cytochrome (Dixon, 
Hill, and Keilin (30), Theorell (31)). The splitting of the broad 
band into two has been considered, since the careful spectroscopic 
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Fic. 7. The absorption spectrum of pyridine ferrihemochromogen at 
different hydrogen ion concentrations. The abscissa represents wave- 
lengths in A.; the ordinate, molecular a X 107°. Curve. 1, absorption 
spectrum of ferrihemin; Curve 2, absorption spectrum of alkaline pyridine 
ferrihemochromogen (pH 11.0); Curve 3, absorption spectrum of neutral 
pyridine ferrihemochromogen (pH 7.0). | 


observations of Dilling (82), a fundamental property of ferro- 
hemochromogens. The spectral properties of ferrihemochromo- 
gens change with the hydrogen ion concentration of the solution. 
This can be easily observed in pyridine, nicotine, and a-picoline 
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hemochromogens, where the ferrihemochromogen is red in neutral 
solutions, green in alkaline solutions. In pyridine ferrihemo- 
chromogen, at a pH value of 7.0, there is a broad band in the visi- 
ble portion of the spe etrum, between 5000 and 5700 A., with a 
maximum at 5300 A.: ;at pH 11.0, this band shifts toward ahs red, 
between 5400 and 6200 A. , With two maxima, at 5750 and 6000 i. 
(Fig. 7).'. This change in the color of the ferrihemochromogen 
from red to green (a color resembling that of ferrihemin) misled 
some investigators (Keilin (33)) into the belief that ferrihemo- 
echromogens (parahematins) existed only in neutral solutions. 
This change of color with the pH value of the solution is so sharp 
in some of these ferrihemochromogens that they may be used as 
pH indicators. The absorption bands of ferrohemochromogens 
do not shift markedly with a change in the hydrogen ion concen- 
tration. (The two absorption bands of pyridine ferrohemo- 
chromogen at pH 11.0 have their maxima at 5555 and 5215 A: at 
pH 7.0, they shift to 5600 and 5290 A.) It may be recalled that 
similar characteristics are exhibited by hemoglobin (ferrohemo- 
globin), which shows no change in its absorption spectrum when 
the hydrogen ion concentration is altered moderately, and by 
methemoglobin (ferrihemoglobin) whose absorption band_ shifts 
with the hydrogen ion concentration. 


DISCUSSION 

There exist in living cells three kinds of reversible oxidation- 
reduction systems: (1) electromotively active systems, which as 
a rule are oxidizable by atmospheric oxygen (hemochromogens, 
flavins, a number of other pigments); (2) sluggish reversible sys- 
tems, which as a rule are not oxidizable by atmospheric oxygen 
(Warburg’s coferment, glutathione, ascorbic acid); (3) enzymatic 
oxidation-reduction systems (lactate-pyruvate, suecinate-fuma- 
rate). The systems belonging to the first group, which possess 
in addition the property of being easily reduced by oxidizable sub- 
stances and easily reoxidized by atmospheric oxygen, act as the 
oxidizing catalysts of biological oxidations. Of these systems, 
the hemochromogens occupy a place of primary importance, as 


' These measurements were made by Dr. A. E. Sidwell, Jr., and are part 
of an investigation on the absorption spectrum of ferrihemochromogens. 
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shown by the brillant investigations of Warburg and his ¢o- 
workers. A knowledge of the free energies of these systems com- 
bined with a knowledge of the free energies of the oxidizable sub- 
stances would make possible a prediction of the direction and 
extent of oxidation, and in some cases (Barron (34)) of the rate 
of reaction. 

A knowledge of the potentials of hemochromogens was con- 
sidered of importance from the biological point of view. The 
great tendency of heme to form reversible coordination complexes 
with a variety of nitrogenous substances makes it plausible 
to assume that heme is present in living cells mainly as hemochro- 
mogens. The conversion of hemin into a hemochromogen has 
been shown to be accompanied by an increase in the electro- 
activity of the system and a change in the value of the oxidation- 
reduction potential. Furthermore, it has been shown that a 
single hemochromogen system may give increasingly positive 
potentials. The potentials of the hemochromogens change with 
the nature of the nitrogenous constituent, a property of biological 
significance. The varied affinity of heme for these nitrogenous 
substances and the reversibility of the hemochromogens thus 
formed will produce in the living cells a variety of electromotively 
active oxidation-reduction systems possessing potentials of varied 
intensity. 

The influence of the hydrogen ion concentration on the E’5 
values of the hemochromogens, here studied, seems to depend on 
the affinity of heme for the nitrogenous compound. Cyanide, 
possessing the highest affinity for hemin, gave #’») values inde- 
pendent of the pH value of the solution. Pilocarpine and his- 
tidine, which also possess great affinity, gave hemochromogens in 
which the —dE')/dpH value was about 0.015 volt per pH unit. 
When the affinity was low, as in pyridine, a-picoline, and nicotine 
hemochromogens, the —d#’)/dpH values were similar to those of 
hemin; namely, 0.06 volt per pH unit. It may be recalled that 
eytochrome c, a hemochromogen in which the heme has great 
affinity for its nitrogenous constituent, has, according to Green 
(33), E’o values independent of the pH value of the solution. 


SUMMARY 


The oxidation-reduction potentials of blood hemin depend 
on the concentration of hemin and the nature of anions in the 
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buffer solutions. When the two factors are kept constant, the 
EB’, values change with the hydrogen ion concentration of the 
solution, the ratio —dE’o/dpH being 0.06 volt per pH unit. 

Hemochromogens are more electroactive than hemins. The 
FE’, values of cyanide hemochromogen are independent of the 
hydrogen ion concentration. The —d")/dpH_ values of pilo- 
earpine and histidine hemochromogen are 0.015 volt per pH 
unit. The —dk’o/dpH values of pyridine, a-picoline, and nicotine 
hemochromogens are 0.06 volt per pH unit. These differences 
in the —dk#’o/dpH values seem to be related to the degree of 
affinity of hemin to the nitrogenous constituents. When hemo- 
globin is changed into hemochromogen by denaturation of globin, 
there is also a change in the free energy values of these systems, 
the #’) of the hemochromogen becoming more negative than 
that of hemoglobin. 
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THE BASIC DISSOCIATION CONSTANT OF a-PICOLINE 
By k. 8S. GUZMAN BARRON 


(From the Lasker Foundation for Medical Research and the Department of 
Medicine of the University of Chicago, Chicago) 


(Received for publication, July 6, 1937) 


a-Picoline, the methyl derivative of pyridine, combines with 
ferriheme, giving in alkaline solutions a beautiful olive-green 
ferrohemochromogen, which changes into red on neutralization. 
Since this change In spectral properties seems to be related to the 
degree of dissociation of the base, the dissociation constant of 
a-picoline has been determined. (No data appear in the litera- 
ture.) a-Picoline being a volatile substance, the hydrogen elec- 
trode could not be used for this determination. a-Picoline (from 
Eastman Kodak Company), freshly redistilled, was titrated elec- 
trometrically with HCL by use of the MacInnes-Beleher (1) 
glass electrode. ‘The current was amplified by means of an F.P. 54 
Photron vacuum tube, the potentials being measured with a 
type IX potentiometer and type R galvanometer from the Leeds 
and Northrup Company. Equimolecular mixtures of a-picoline 
and HC] were prepared according to these titrations (average of 
three titrations). As usual in this laboratory, the Michaelis 
standard acetate (pH 4.62) was used as the standard of potential. 

The electrode system was made up as follows: 


Hg | HgCl, KCI (saturated) | solution | | HCI, 0.1 Ag, 
glass 


In Table I are given the data of E.M.F. measurements, converted 
to pH units, of equimolecular mixtures of a-picoline and HC, 
at different concentrations and different iomie strengths. The 
pK’, values were calculated by subtracting the pH values from 
the pK,, of water which was taken as being equal to 13.895 (2). 
The pk, values, of the last column, were determined by correct- 
ing for the effect of ionic strength on the degree of dissociation, 
according to the Debye-Hiickel equation: 
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wt 


0.5 p 
ph, = ph + 
1 + 0.328 Kk a XK 105 
where uw is the iome strength and @ the mean ionic diameter. To 

a the value of 4.2 A. was given arbitrarily (Hiickel (3) gives 3.76 
A. as the @ value for KCI). The ph, values at different ionie 
strengths agree well enough to justify taking an average of them. 


TABLE I 
Dissociation Constant of a-Picoline 
Temperature 25°. 


Coneentration 


ca pH pK’ pK, 

with HC 

M per uw per 

0.002 7.957 7.997 
0 5.940 7.955 7 ORO 
0.01 05 5 965 7 930 7 964 
0 01 0 10 O19 7.876 7 ORS 
0 O01 20 6 O61 7 834 7.974 

Average 7.98 


A pk, value of 7.98 is thus obtained for a-picoline, or Ay = 
1.05 X 10°-°. The introduction of a CH; group into the pyridine 
molecule has diminished the basic strength of a-picoline by 0.67 
(pk, of pyridine = 8.65 as measured in this laboratory). 
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RELATIONSHIP OF THE BLOOD CHOLESTEROL TO THE 
HEMOGLOBIN AND SERUM PROTEIN 


By HERMAN SCHWARZ ann HENRY H. LICHTENBERG 


(From the Pediatric Service and Department of Chemistry of Beth Israel 
Hospital, New York) 


(Reeeived for publieation, July 8, 1937) 


Since Boggs and Morris (1) found a lipemia in rabbits which 
were rendered anemic by hemorrhage, numerous investigators 
have tried to determine the causes for this change in the chemical 
composition of the blood. Boggs and Morris hypothecated that 
these changes were due either to an abnormal fat metabolism 
brought about by the great loss of tissue proteins, or to a lowered 
oxidation Which followed the marked loss of red blood cells. 

The observations of Boggs and Morris were confirmed by Mora- 
witz and Pratt (2). They believed that the lipemia was an evi- 
dence of fat mobilization, Fettwanderung. 

Feigl (3) found a rise in the blood lipids and blood fat in pa- 
tients anemic after excessive bleeding from gastric ulcers, from men- 
struation, and during operative procedures. He, too, produced 
a lipemia in both rabbits and guinea pigs by bleeding them 
excessively. 

Using the stalagmometric tributyrin method of Rona and 
Michaelis, Sakai (4) demonstrated a lowering of the blood lipase 
and a lipemia in rabbits with a toxic anemia or anemia due to 
hemorrhage. He believed that the “blocking of the fat’’ in the 
blood, which is the important factor in bringing about lipemia, was 
due to the decrease in blood lipase. Further analysis of his figures 
indicates, however, that even in the same animal a direct relation- 
ship between serum: lipase and the lipid level of the blood does not 
CXist. 

Bloor (5) justly contended that Sakai's explanation for the 
lipemia Was not convincing, since no one ever demonstrated more 
than traces of lipase in the serum. In addition, only insignificant 
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amounts of fat are broken down in this way. Furthermore, it 
has been demonstrated that the substrate used, tributyvrin, is much 
more easily broken down than the higher fats (6). 

Bloor also stated that nothing definite could as yet be said as 
to the cause of the lipemia. In view of the lack of further data, 
he was of the opinion that the lipemia of hemorrhage was due to 
nothing more than a larger influx of fat than the organism could 
take cure of at one time. 

Horiuchi (7) produced a lipemia in rabbits by a single massive 
bleeding. He believed that the hemorrhage may have interfered 
with the function of the internal organs which were associated 
with the production of lipase and with organs in which the lipo- 
lytic process takes place; e.g., the spleen and the lymph glands. 

More recently Fishberg and Fishberg (8, 9) studying simulta- 
neously the changes in blood proteins, red blood cell count, hemo- 
globin, and cholesterol in rabbits made anemic by withdrawal of 
35 ce. of blood daily found a decrease in the serum proteins, espe- 
cially albumin, with the rise in cholesterol. This condition is 
comparable to that found in nephrosis of humans. They believed 
that the decrease in the serum protein mobilized the tissue lipids 
in an effort of the organism to compensate for the decrease in 
osmotic pressure of the blood. In their animals the rise in plasma 
fat and lipids was more closely correlated with the fall in serum 
proteins than with the diminution of red blood cells. 

By giving dogs a diet poor in protein and offering large amounts 
of sodium chloride and water, Shelburne and Egloff (10) were 
able to produce edema and a marked drop in the serum protein 
Without an appreciable change in the blood cholesterol. The 
same investigators, as well as Leiter (11), in’ plasmaphoresis 
experiments on dogs induced a marked reduction in serum pro- 
teins with a concomitant slight drop in cholesterol. It is well 
recognized by investigators in this field that the results obtained 
in omnivores cannot be applied directly to herbivorous animals. 
However, it can be said that for dogs, at least, no compensatory 
rise in blood cholesterol accompanies the fall in serum proteins as 
had been found in rabbits. 

Johansen (12) bled five rabbits and followed the changes in the 
chemical composition of the blood. He stated that his results 
are for the most part in agreement with those of Fishberg and 


| 


Ke — 
; 
; 
; 
: 
a 
3 


t 


H. Schwarz and H. H. Lichtenberg 317 


Fishberg; namely, that “a fall in the hemoglobin percentage was 
accompanied by a fall in protein concentration, together with a 
lowering of the osmotic pressure in the serum, coinciding with 
an increase in serum lipoids.”’ In the one table he gives, however, 
the total protein dropped from 7.2 to 6.3 per cent after two 
bleedings, and then rose again, varying between 6.6 and 7.2 per 
cent during the subsequent bleedings. Kumpf (13) studied in 
rabbits the edema and lipemia produced by repeated bleedings. 
He found that the total plasma protein was only slightly decreased 
as the bleeding progressed. 

In the course of some studies on blood cholesterol, we became 
interested in the further investigation of this question. Healthy 


TABLE I 
Effect of Daily Bleedings upon Blood Chemisiry in Rabbits 
Rabbit bled 30 ce. dailv; total of 520 ce. withdrawn. Bloor’s method was 
used for the determination of the cholesterol. 


per cent mg. per cent gm. per cent gm, per cent gm. per cent 

Jan. 10 b4 54 6.32 4.75 1.57 

tid 6.18 4.67 1.51 

38 6.58 4.5 2.08 

“* 24 2s 130 6.10 4.5 1.6 

IS 140 5.92 4.17 1.85 

1.77 


31 15 137 6.25 


4.48 
rabbits weighing between 2000 and 4000 gm. were used. Prior 
to the bleeding the animals were permitted to become adjusted. 
to the stock diet of cabbage, carrots, and oats. In the first 
experiments the total cholesterol, the hemoglobin, and the serum 
protein were determined. In addition, the cholesterol ester 
determinations and red blood cell counts were made. But since 
the latter paralleled the total cholesterol and hemoglobin and 
gave no significant information, these determinations were made 
only from time to time in the later experiments and are omitted 
entirely from our tables. 

The first group of animals was simply bled 30 ce. daily and the 
changes in cholesterol, hemoglobin, and serum proteins observed 
(Table I is typical for this group). The animals exhibited no 
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significant change in serum proteins accompanying the increase in 
blood cholesterol and fall in hemoglobin. The rabbits were evi- 
dently able to compensate for the amount of blood proteins lost 
in the daily bleedings. 


TABLE II 
Effect of Daily Bleedings and Reinjection of Serum upon Blood Chemistry 
in Rabbits 
Rabbit bled 30 ee. daily and 20 ee. of serum reinjected; total of 2010 ee. 
of blood withdrawn and 1340 cc. of serum reinjected. 


per cent mg. per cent gm. per cent gm, per cent gm. per cent 
Sept. 25 70 56 6.3 3.8 2.5 
Oct. 1 60 54 6.35 3.58 2.5 
eee ee 42 60 6.6 3.8 2.8 
36 95 5.9 3.8 2.1 
a ae 28 187 6.2 4.5 1.7 
26 185 6.2 3.95 2.25 
ae 26) 132 6.4 4.00 2.4 
24 117 6.25 4.5 1.75 
ws 5 22 107 7.37 4.9 2.47 
20 135 6. 8S 4.3 2.58 
17 188 6.46 4.46 2.00 
eo ae 15 208 6.59 4.3 2.29 
ee 22 170 6.0 4.2 1.8 
go 27 160 6.63 4.8 1.83 
33 153 6.05 4.4 1.65 
Dee. & | 38 99 6.6 5.0 1.6 
Re 38 85 6.85 3.75 3.10 
ees 42 67 6.20 4.50 1.70 
pecs 38 67 6.58 4.37 2.21 
40 6. 30 4.37 1.93 
46 Ot) 6.63 4.63 2.00 
eee 44 795 6.25 4.55 1.70 


The differences between our results and those of Fishberg and 
Fishberg, who found a fall in the serum protein accompanying 
the rise in the blood lipids, may be accounted for by differences in 
the reaction of individual animals to similar procedures. 

In pursuing the problem further we wished to determine 
whether we could prevent a rise in the cholesterol level of the 
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blood (while the animals were made anemic) by maintaining the 
serum protein at its normal level, without calling upon the ani- 
mal’s own metabolic processes. Secondly, in reversing the experi- 
ment, could an artificially induced lipemia bring about a compen- 
satory drop in the serum proteins? 

Rabbits were bled daily; 30 cc. of blood were removed and 20 ce. 
of serum were reinjeeted. The serum used for the reinjection 
was obtained under sterile precautions from rabbits which had 
been killed to obtain sterile kidneys for culture media, after 
Friedman pregnancy test, and discarded rabbits used weeks pre- 
viously for the Shwartzman phenomenon. The reinjected serum 
had a much lower cholesterol content than the serum of the 
rabbits being bled, lowering to some extent the subsequent find- 
ings through a dilution effect. With the fall in the hemoglobin 
as the bleedings were continued, there was a significant rise in the 
cholesterol level of the blood, although the serum protein was 
maintained at the normal level (Table II). Paradoxically after 
the fortieth bleeding in spite of continued bleeding and after a 
drop in hemoglobin from 74 to 15 per cent, the animal began to 
show a rise in the hemoglobin which continued to 50 per cent and 
then remained at about 45 per cent for twenty-eight subsequent 
bleedings. Concomitant with this rise in the hemoglobin level 
there was a drop in the cholesterol from 208 mg. per cent to from 
65 to 75 mg. per cent, only somewhat higher than the initial 
value. | 
Sakai was unable to produce an alimentary lipemia in spite of 
generous fat in the diet. He stated that Neisser and Briéiuning 
(14) similarly failed. They believed that in normal animals the 
fat absorption from the intestines was no more rapid than the loss 
from the blood. Horiuchi induced a more severe degree of lipemia 
through hemorrhage in animals on a higher fat diet (sunflower 
seeds) than in similar animals on a fat-free diet (carrots). By 
mixing hard boiled, chopped egg yolk with the oats fed to our 
rabbits we were able to produce only a moderate and inconstant 
lipemia, since the animals fairly successfully avoided ingesting 
the egg yolk. By feeding two raw egg yolks daily by stomach 
tube, however, we were able to produce a very marked lipemia and 
rise in the cholesterol of the blood without any significant change 
in the blood protein or hemoglobin (Table ITT). 
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| 
Rich (15) includes subnormal liver function resulting from 
anoxemia due to anemia among the causes of retention jaundice. 1 
He found that patients suffering from anemia though well 
nourished up to the day of death showed at autopsy well marked | 
central atrophy of the liver. He and Bumstead were able to | 


produce similar lesions in dogs by hemorrhage. 


Rosin (16) found that guinea pigs were sensitive to oxygen defi- f 
ciency at barometric pressure of 230 mm. of mercury and developed f 
very severe fatty and parenchymatous degenerative changes in d 

TaBLe III 
Effect of High Fat and High Cholesterol Diet upon Blood Chemistry 
in Rabbits 

Rabbit fed two egg volks daily by stomach tube. 

per cent mag. per cent gm. per cent gm, per ik: gm. eed 

Keb. 14 66 65 6.3 1.5 1.8 0 

H5 163 5.65 | 1.55 p 

Mar. 4 64 340 5.95 4.1 1.85 ‘ 

65 6.84 4.52 2.32 
2g 63 694 6.40 4.12 2.28 h 
Apr. 1 665 1040 6.5 4.0 2.5 
67 L180 6.4 4.25 2.15 
15 64 1230 6.78 3.91 2.87 | 
1S 65 1448 6.95 3.77 3.18 
1704 6.99 4.18 2.81 
May 6 68 1764 6.84 3.7 3.14 
ete 67 1660 6.64 3.93 2.71 9 
68 1480 6.63 3.99 2.64 
4 
the liver, heart, and kidneys. Similar changes were produced by : 
keeping the animals in chambers at normal barometric pressure - 
but under reduced oxygen tension. Unless the conditions were g 
severe and prolonged enough to produce necrotic changes and 
scarring, bringing the oxygen tension back to normal resulted ina | 
complete restitutio in integram. 11 

Our experiments, those of Leiter, and others indicate that the 12 
lipemia and hypercholesterolemia which result from repeated 13 
large bleedings are definitely related to the anemia, that those — 14 
changes occur without any significant changes in the serum | “ 
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proteins; secondly, by producing an anemia and hypercholes- 
terolemia, although the serum is reinjected, we were able to show 
that the cholesterol is evidently not a by-product of the stimulated 
protein anabolism in the organism's attempt to compensate for 
the losses in serum protein. 

The rabbits we rendered anemic by hemorrhage showed swollen, 
fatty livers at autopsy. It is likely that these changes resulted 
from the reduced hemoglobin in the blood and the coneomitant 
anoxemia. The changes in the liver in turn may have caused 
disturbances in lipid metabolism resulting in a lipemia and hyper- 
cholesterolemia. The mechanism of this is as yet not known. 


SUMMARY 

1. Rabbits which were bled daily developed an anemia and 
hypercholesterolemia, but maintained the normal protein level 
of the blood. 

2. Rabbits rendered anemic by daily bleedings and reinjection 
of the blood serum developed a hypercholesterolemia. The serum 
protein remained at the normal level. With the fall in hemo- 
globin, the blood cholesterol level rose. Later with the rise in 
hemoglobin, the blood cholesterol level fell again. 

3. Normal rabbits given a high fat-high cholesterol diet de- 
veloped a very marked hypercholesterolemia unaccompanied by 
changes in the serum protein. 
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FURTHER STUDIES ON THE EFFECT OF ALDEHYDES 
ON CYSTINE AND CYSTEINE 


By W. C. HESS anp M. X. SULLIVAN 


(From the Chemo-Medical Research Institute, Georgetown University, 
Washington) 


(Received for publieation, July 20, 1937) 


In previous work, Sullivan and Hess (1) found (a) that alde- 
hydes such as formaldehyde, acetaldehyde, and heptaldehyde 
added to a 0.1 N HCl solution containing | mg. of cystine per 
each 5 cc. had no effect, in low molar ratios (1:1) and short con- 
tact, on the Sullivan (2) or the Okuda (3) cystine determination 
but did more or less inhibit the Folin-Marenzi (4) cystine test; 
(b) that these aldehydes under the same conditions had little 
effect on cysteine estimation by the Sullivan or the Okuda 
eysteine procedure or on the Folin-Marenzi method adapted 
for cysteine; that is, without sodium sulfite. Similarly, in 
low molar ratios neither glyoxal nor methylglyoxal had any 
marked inhibiting action on cysteine determination when added 
to dilute solutions of cysteine (1 mg. in 5 ec. of 0.1 N HCl) and 
tested within 30 minutes by the Sullivan, the Okuda, and the 
Folin-Marenzi cysteine procedures. 

Recently, working with more concentrated cysteine solutions 
and less acidity, Schubert (5) made a number of complexes of 
cysteine with various aldehydes, among them formaldehyde, and 
gave evidence that the latter reacts with cysteine to form thiazo- 
lidinecarboxylic acid. Independently, Ratner and Clarke (6) 
found that formaldehyde reacts with cysteine over a wide range 
of pH to form thiazolidine-4-carboxylic acid, 
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and that formaldehyde and aminoethyl mercaptan give thiazo- 
lidine. Ratner and Clarke showed that the rate of formation of 
the thiazolidines is more rapid with increasing pH and above 
5 becomes too fast to follow by a study of the rotation changes, 

As a result of the publications of Schubert and of Ratner and 
Clarke further work was done on the effect of aldeliydes and ke- 
tones on cystine and cysteine with different concentrations of the 
sulfur compounds, at various degrees of acidity and varying 
lengths of time. 

It was found that upon cystine determination by the Sullivan 
method, the aldehydes, formaldehyde, acetaldeliyde, and heptal- 
dehyde, 1 mole of aldehyde to 1 of cystine and pH 1, 2, and 3, 
had little effect whether in dilute solution (1 mg. in 5 ce.) or rela- 
tively concentrated solution of cystine (I mg. in 1 ce.). Even at 
pH 6.8 and 18 hours contact of the formaldehyde and cystine 
at 25°, 1 mole of cystine to 2 moles of formaldehyde (10 mg. and 
2.5 mg.), there was only 10 per cent loss of reactive cystine and no 
further loss on 10 days standing. Upon cysteine determination 
however, the aldehydes had a marked effect, depending on (a) 
the degree of acidity, (b) concentration of the reactants, (¢) molec- 
ular proportions, and (d) length of contact. In relatively strong 
concentration, 40 mg. of cysteine in 5 cc. and 10 mg. (1 mole) of 
formaldehyde, the reaction for cysteine became progressively less 
hour by hour with the formation of thiazolidinecarboxylic acid. 
The less the acidity and the greater the molecular proportion of 
formaldehyde to cysteine, the quicker the thiazolidinecarboxylic 
acid is formed. In concentrated solutions, as shown by Fig. 1, 
the formation of the thiazolidinecarboxylic acid is relatively slow 
at pH 1, while at pH 6 it is practically completed in 1 hour. 

As shown by Ratner and Clarke, the thiazolidinecarboxylic 
acid, unlike cysteine, gives no blue color with phospho-18-t ungstic 
acid. Similarly it is negative in the Sullivan and the Okuda 
eysteine procedures. When purified from admixed cystine, it Is 
likewise negative in the eystine procedures of Sullivan and Okuda 
and Folin and Marenzi. In the Sullivan eystine procedure puri- 
fied thiazolidinecarboxylic acid mixed with cystine, 4 moles to 1 
mole of cystine, has no effect positively or negatively. 

In dilute solutions of cysteine (1 mg. of eysteine in 5 ee. of 
solution) there is little if any formation of thiazolidinecarboxylic 
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acid at pH | and 2 and 1:1 ratio of aldehyde to cysteine even on 
3 to 4 hours contact of the reactants. At pH 3 there is 13 per 
cent loss of reactive cysteine in 4 hours and 43 per cent loss in 
23 hours. At pH 2 there is 30 per cent loss of reactive cysteine 
in 23 hours. The loss of reactive cysteine is due somewhat to the 
formation of cystine but mainly to the formation of some com- 
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hic. 1. Percentage of cysteine recovered from 1:1 Mm solution of cysteine 
and formaldehyde. @ dilute solution; & concentrated solution. 


plex comparable to thiazolidinecarboxylic acid, not converted to 
eysteine by zine and HCl. 


EXPERIMENTAL 


Formaldehyde and Cysteine, Dilute Solutions——-1 mg. of cysteine 
(1.3 mg. of cysteine hydrochloride) and 0.25 mg. of formalde- 
hyde were placed together in solutions adjusted to pH 1, 2, and 3, 
respectively. The standards used were solutions of the same 
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amount of cysteine hydrochloride in hydrochloric acid adjusted to 
pH 1, 2, and 3 respectively and kept for the same length of time 
and under the same conditions at room temperature. The findings 
are given in Fig. 1. At pH 1, 91 per cent of the reactive cys- 
teine was present even after 21 hours of contact of the cysteine 
and formaldehyde. At pH 2 only 70 per cent of the cysteine 
remained; at pH 3, 57 per cent after 23 hours. No experiments 
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Fic. 2. Percentage of cysteine recovered from 1:0.5 mM solution of cys- 
teine and glvoxal. @ dilute solution; A& concentrated solution. 


were carried out to determine how much of the loss was due to 
simple oxidation. 

Formaldehyde and Cysteine, Concentrated Solutions These solu- 
tions contained 40 mg. of cysteine and 10 mg. of formaldehyde 
in 5 ec. of HCl adjusted to pH 1, 2, and 3, respectively. After 
stated intervals, the mixtures were analyzed for cysteine with a 
solution of 40 mg. of cysteine in 5 ec. of HCl] adjusted to pH 1, 2, 
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and 3 and kept under the same condition as controls. For analy- 
sis, aliquots were taken and diluted with 0.1 N HCI so that each 
5 ec. of solution contained 1 mg. of cysteine. 

Glyoral and Cysteine, Dilute Solutions -Mixtures were made of 
eysteine hydrochloride and glyoxal so that each 5 ec. contained 
1 mg. of cysteine and 0.25 mg. of glyoxal, with solutions adjusted 
to pH 1, 2, and 3 respectively. Fig. 2 shows little loss of reactive 
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Pig. 3. Percentage of evsteine recovered from 1:1 Mm solution of eys- 
teine and m @ dilute solution; coneentrated solution. 


eysteine in OS hours at pH |} and 2 and only 10 per cent loss at 
pH 3. 

Glyoxal and Cysteine, Concentrated Solutions—Two solutions 
were set up containing (a) 13 mg. of cysteine hydrochloride dis- 
solved in 1 ec. of dilute HCl, to which were added 5 ce. of a solu- 
tion containing 2.77 mg. of glyoxal and 0.1 ec. of N NaOH and 
the whole made to 2.5 ce., adjusted to pH. 1, 2, and 3 respectively; 
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(b) a like amount of eysteine hydrochloride, in 1 ce. of dilute 
HCl and adjusted to pH 1, 2, and 3 and made to 2.5 cc. The 
percentage of cysteine found in (a) with (b) as standard in the Sul- 
livan cysteine procedure was: within 10 minutes, 99; in | hour, 
76; 2 hours, 60; 3 hours, 53; 5 hours, 42; 18 hours, 0... As shown in 
ig. 2, the loss of reactive cysteine was greater at pH 2 and 3. 

Methylglyoral, Dilute Solutions —In solutions containing | mg. 
of cysteine and 0.58 mg. of methylglyoxal per each 5 ce. of HCI, 
adjusted to pH 1, 2, and 8, respectively, the Sullivan cysteine 
reaction shows very little loss of reactive cysteine in 4 to 5 hours, 
as shown in Fig. 3. In 23 hours contact of the reactantsthere 
was a cysteine loss of 13 per cent at pH 1, 18 per cent at pH 2, 
and 21 per cent at pH 3. 

Methylglyoral and Cysteine, Concentrated Solutions “Vwo solu- 
tions were set up, (a) 13 mg. of eysteine hydrochloride and 5.9 
mg. of methylglyoxal in 1.5 ec. of HCl, adjusted to pH 1, 2, and 
3; (b) 13 mg. of cysteine hydrochloride in 1.5 ec. of HCI, adjusted 
to pH 1, 2, and 3. As shown in Fig. 3, there is a rapid falling off 
of reactive cysteine on standing. At pH 1 and 2 the free cysteine 
has all disappeared in 18 hours. At pH 3 there is no free cysteine 
after 6 hours. 

Effect of Formaldehyde on Cystine in Procedure Used for Hydro- 
lyzing Proteins Since formaldehyde is a highly reactive alde- 
hyde, 20 mg. of eystine, 5 cc. of 33.5 per cent formaldehyde, and 
4 cc. of 20 per cent HCI were heated in a Crisco bath at 125 130° 
for 43 hours in an acetylation flask with a reflux condenser. The 
solution was washed into a beaker, and brought to pH 3.5 by 
NaOH added dropwise with stirring and made to 100 ce. with 
0.1 sn HCl. No loss of evstine was found when the solution was 
matched in the Sullivan cystine procedure against 1 mg. of eys- 
tine in 5 ec. of 0.1 N HCH. 


SUMMARY 


Upon eystine determinations by the Sullivan method, the 
aldehydes, formaldehyde, acetaldehyde, heptaldehyde, glyoxal, 
and methylglvoxal, have little effect whether in dilute or relatively 
concentrated solutions even in a number of hours contact. 

On cysteine, the aldehydes act to make a new complex, very 
slowly in dilute solution, more rapidly in concentrated mixtures, 
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especially with lessening acidity. As the new complexes, thia- 
zolidine derivatives, are formed, the cysteine reactions, the 
Sullivan, the Okuda, and the Folin-Marenzi without sulfite, 
become progressively less. Aldehydes, as such, have no effect 
on these reactions and the reason they become negative is that 
both the S and N are no longer free when thiazolidinecarboxylic 
acid complexes, 


“CHR 


CHNH 


COOH 


are formed. 

ven in the presence of these aldehydes cysteine can be deter- 
mined by the Sullivan method as long as it is free or in a rever- 
sible complex. 
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ELECTROKINETIC ASPECTS OF SURFACE CHEMISTRY 


II. ELECTROKINETIC THEORY IN THE CALCULATION OF THE 
CHARGE OF PROTEINS 


By LAURENCE 8S. MOYER* ann JULIUS C. ABELSt 


(From the Department of Botany, University of Minnesota, Minneapolis, and 
the Biological Laboratory, Cold Spring Harbor, New York) 


(Received for publication, July 20, 1937) 


It is of importance in the determination of the charge of protein 
“molecules” to arrive at the desired result by two independent 
methods. The method usually employed is the thermodynamic 
method: knowing the effective molecular weight of the protein 
and the number of gm. present in a given solution whose pH and 
activity coeficient are known, one can determine the charge by 
the method of Kekwick and Cannan (1). Another method, not 
thermodynamic, but which depends upon conductance, rests 
upon direct measurement of the mobility of the protein ion itself. 
This may be accomplished by the moving boundary method with 
dissolved protein or the observation of microscopic particles 
coated with adsorbed protein molecules. 

Recent determinations of the electrophoresis of egg albumin 
solutions have been limited for the most part, because of theo- 
retical and experimental difficulties, to observations on the 
behavior of the protein in salt solutions. Thus, Tiselius (2), 
working with the moving boundary method, has presented a 
mobility curve for dissolved egg albumin in 0.02 mM acetate buffers 
of constant ionic strength. He reports the isoelectric point to be 
at pH 4.55. Abramson (3, 4), however, found that although the 
electric mobility curve of serum albumin when adsorbed on quartz 
was identical with that given by Tiselius for dissolved serum albu- 


* John D. Jones Scholar, Biological Laboratory, Cold Spring Harbor, 
Summer, 1937. 

t John D. Jones Scholar, Biologieal Laboratory, Cold Spring Harbor, 
Summer, 1936. 
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min, the isoelectric point of egg albumin was shifted upward on 
the pH scale incidental to its adsorption. More recently, Smith 
(5) and Moyer (6) have confirmed this observation for egg albumin 
and report that the isoelectric point of egg albumin-coated par- 
ticles lies very near pH 4.82. In addition, Moyer has noticed 
that the electric mobilities of egg albumin-coated quartz particles 
are the same (within the limits of error) in solutions of sodium 
acetate-acetic acid as in NaCl-HC!] solutions, provided that the 
iomi¢ strength is the same. The electrophoretic behavior of many 
types of surfaces coated with egg albumin was found to be similar 
to that observed by Tiselius for dissolved egg albumin, but the 
whole curve was shifted upward in position, corresponding to the 
shift in isoelectrie point. 

Measurements of the combining power of egg albumin with 
acids and bases have generally been carried out in solutions of 
varying ionic strength without added = salt. Comparison of 
‘aleulations from base binding and from electrokinetics is thus 
rendered difficult. In spite of these difficulties, Abramson (3, 4) 
found that it was possible to compute the net charge of protein 
molecules from electrophoretic data, using the theories of Gouy 
and Debye-Hiickel, and also from the base-(acid-)binding data 
of Loeb, by thermodynamic considerations. 

He was able to show (1) that the values for the charge caleulated 
by these two methods were fairly close and (2) that a simple 
proportionality existed between electric mobilities of the same 
protein at different pH values and the number of hydrogen 
(hydroxyl) ions bound per molecule in solutions of the same tonic 
strength. See also the work of Daniel (7). 

This paper will attempt to show that these two avenues of 
approach lead more nearly to the same result when systems of 
constant ionic strength have been employed for both sets of deter- 
minations. As will be seen, the satisfactory agreement between 
the two methods of calculating the charge not only serves to 
verify the validity of the electrokinetic theories involved, but 
also leads toward further simplifications in our knowledge of the 
physical properties of protein systems. 


Methods 


Eqg Albumin Preparations Three of the egg albumin prepara- 
tions used in the first paper of this series (6) were also used to 
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obtain the data in this communication. Lach of these had been 
erystallized four times from NaSO, by the method of Kekwick 
and Cannan (1). For further details as to conductance, gold 
numbers, etc., the earlier paper by one of us should be consulted 
(6). 

Measurement of pH Hydrogen ion activity was measured by 
the glass electrode of MacInnes and Dole (8)' and by the Clark 
rocking hydrogen electrode (9). In the manipulation of the hydro- 
gen electrode, lightly platinized platinum wires were used as 
electrodes. If the differences between duplicate samples after 
attainment of equilibrium were > 0.2 to 0.3 millivolt, the elee- 
trodes were replatinized and the data rejected. The same degree 
of precision was obtained with the glass electrode. Each point 
represents the average of several such duplicate determinations at 
25°, with a saturated calomel half-cell and a saturated KCI liquid 
junction. Calibration of the calomel half-cell was effected every 
few hours with the aid of buffer mixtures whose activities were 
known and which gave results in accord with 0.1 N HCI, pH 1.075. 
Usually an equimolar mixture of 0.01 mM sodium acetate-acetic 
acid, ph’ = 4.701, was found to be most reliable, as discussed 
before (6). 

Electrode Titrations— Vitrations were accomplished by preparing 
known dilutions of protein in NaCl-HCl] or NaCl-NaOH solutions 
of constant ionic strength (0.02). Final protein dilutions ranged 
between 7.6 and 12 gm. per liter. Concentrations of the stock 
protein solutions were determined by drying a weighed sample. 
Caleulation of the equivalents of acid or base combined with the 
protein was accomplished by the methods of Kekwick and Cannan 
(1) on the assumptions described in their paper. 

For electric neutrality, : 


[Nat] + [H*] + g(h — ho) = [Cl-] + [OH™! (1) 


where the bracketed quantities represent concentrations, g is the 
mass of protein in gm. im that volume of the mixture containing 
1000 gm. of water, A is the equivalents of hydrogen ion combined 
with 1 gm. of the protein (A is negative under conditions when 
H* dissociates from isoelectric protein), and ho represents equiva- 
lents of hydrogen ion combined with 1 gm. of protein in a salt 


‘We are indebted to Dr. I. R. Taylor for his cooperation in the glass 
electrode determinations. 
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solution containing no added acid or base. [Na~*]| and |Cl~] were 
calculated from the amounts added. It was assumed that com- 
bination between either of these ions and the protein was insig- 
nificant. Scatchard (10) has found a value of @874% for the 
activity coefficient of NaCl at a concentration of 0.02 mM. Since 
the ionic strength was kept constant, it was assumed that the 
activity coefficient of the hydrogen ion was also @:%4. Concen- 
tration of OH ions was negligible in the pH range we investigated. 
hy was determined graphically (1). Account was taken of residual 
traces of sodium sulfate but in most cases the contribution of 
these to the ionic strength was negligible. 


EXPERIMENTAL 


Our determinations of the combining power of egg albumin with 
acids and bases in solutions of constant ionic strength are com- 
pared with the data of Kekwick and Cannan (1) for the titration 
curve without the addition of salt (Fig. 1). Our results have 

been adjusted by their method to the isoelectric point of dissolved 
egg albumin at this ionic strength (pH 4.55, Tiselius (2)), whereas 
their data are isoelectric at pH 4.90, the value calculated for salt- 
free solutions of egg albumin by Segrensen et al. (11). It will be 
noticed that both curves are nearly parallel on the basic side with 
a slight increase in acid binding. The change in slope is in the 
same direction as that found for this protein by Sgrensen, Lin- 
derstrém-Lang, and Lund (11). 

Theoretical— As discussed by Abramson (3, 4), the potential, ¢, 
of a sphere of charge, Q, and radius, r, is, by the theories of Gouy, 
Debye-Hiickel, and others, 


(2) 


(D = dielectric constant, & = Boltzmann’s constant, 7) = abso- 
lute temperature, e = electronic charge, » = number of ions of 
the type 7 with valence z). This expression is formally similar 
to the general equation for a spherical condenser, 
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= Q 
Dr(r/rX + 1) 


(4) 


(\ = distance between the concentric shells). 


Equation 2 is valid for small particles only when fe/AT < < 1, 
i.e. near the isoelectric point in the case of proteins, so that 


+5r 


oO. 


Fig. 1. The hydrogen ion combination curve of egg albumin in solutions 
of constant ionic strength with isoelectric point of Tiselius (pH 4.55). 
h = equivalents H* per gm. of protein. Closed circles, measured with glass 
electrode; open and half-closed circles, other preparations measured with 
hydrogen electrode. Smooth curve, data of Kekwick and Cannan in the 
absence of added salt; dashed curve, present data shifted to the same 
isoelectric point (pH 4.90) for comparison. 


fe/kT may be substituted for sinh ¢e/kT in the solution of the 
fundamental equation, 


fe 
p 4 sinh (5) 


In addition, Equation 2 also is dependent on the magnitude of 
xr. Only when «ris >> 1 willA = I/x. 
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We may also consider the equation for the rigid double layer 


dro 
(6) 
the expression for a plate condenser with charge density o. If the 
surface is plane (xr > > 1), then for small values of z¢ Equation 6 
applies, with \ being replaced by 1/«. When, however, «xr is not 
large, comparison of Equation 6 with Iquation 2 shows that, in 
general (12), 
] AT (7) 
cur + 


if it is remembered that 42r°¢ = Q. 
Abramson (3) has shown that on substitution of this expression 
for \ in Equation 4 we obtain 


Dr(xr + 2) 
This result differs from the Debye-Hiickel expression only in that 
2 replaces 1 in the second term of the denominator. This substi- 
tution of the expression describing the diffuse double layer into 
that for the rigid double layer is without theoretical justification 
and merely a device to obtain an additional expression in which 
¢ depends upon Q with «r varying. It will be seen that this 
quasi-theoretical equation yields better agreement with the titra- 
tion curve than does Equation 4. 
The Helmholtz-Smoluchowski equation relating ¢, of a charged 
particle to its electric mobility, v, 
torn 


(9) 


has been amended by Henry (13) to include the effect of size? If 


4 For an insulating sphere in a medium where «r < 5, Henry obtains the 
expression, 
dan L3 Ib 48 Yt} Qt) Qt) 
Under our conditions, if r be taken as the radius of the protein molecule 
(=2.17 K 10-7 cm.), xr = 1.00, very nearly. By making use of the curves 


presented by Henry relating log xr to f(xr), the series expansion, it is found 
that this equation reduces to v = ¢gD/69rn. 
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we consider the radius to be of the order of 2.17 & 1077 em. and 
«sr = 1.00, then the constant 4 in Equation 9 becomes very 
nearly 6. 

As Abramson has shown (3, 4), if Equation 9 so modified is 
combined with Equation 2, there results 


Q = X 0.328 108) + 1] (10) 


for unit field strength (xr being equal to unity); wu; = LY n,2?, the 
ionic strength. 

Likewise, if we combine Equations 8 and 9, we obtain the follow- 
ing relationship. 


Q = 6rnur[(ry/u X 0.328 K 105) + 2] (11) 


According to these equations, if the ionic strength be kept 
constant, it is seen that Q should be proportional to the electro- 
phoretic mobility. If we divide Q in E.s.v. by the unit electronic 
charge (= 4.77 X 10°'° £.s.U.), we obtain the number of electrons 
per molecule, e. 

e may also be computed from the number of molecules of base 
(acid) bound by the protein by the equation, 


«= hM (12) 


where h is the equivalents of hydrogen (hydroxyl) ions combined 
with 1 gm. of protein of particle weight MV. 

Calculation of Charge The application of Equations 10, 11, and 
12 requires the introduction of several additional assumptions? 
Which have been discussed in detail by Abramson (3, 4). If we 
make these assumptions we may apply the available data to solve 
for e. 

It is generally agreed that the egg albumin molecule is spherical 


*“()) Complete dissociation of the protein salts or a constant fraction 
dissociated at different hydrogen ion activities. (2) The hydrogen ions 
bound act as if they were at or very close to the surface and uniformly dis- 
tributed. (3) » and r do not change with pH. (4) The reaction of the 
protein with ions other than the H*(OQH~) ion is negligible. (5) Only uni- 
univalent electrolytes are considered. (6) D and » of the medium can be 
used for their unknown values in the double laver, the effect of salts on D 
being unconsidered. (7) The distortion of the ion atmosphere remains 
essentially constant’’ (Abramson (4)). 
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| when in solution (14) but the value for its molecular weight is not 
completely settled. The original centrifuge value of Svedberg 
+4 
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Fic. 2. Charge-pH curves of egg albumin (un; = 0.02). Open circles, 
charge calculated from data of Tiselius on electrie mobility of egg albumin 
by Equation 11, assuming r = 2.17 X 10°-7cm. Closed circles, charge caleu- 
lated from titration curve, assuming M = 34,500. Dashed line, charge 
from electrokinetic data by Equation 10. 

Fic. 3. Charge-pH curves of egg albumin (u; = 0.02). Open circles, 
charge calculated from data of Tiselius on electric mobility of egg albumin 
by Equation 11, assuming r = 2.32 K 10°7 em. Closed circles, charge 
calculated from titration curve, assuming M = 42,200. Dashed line, 
charge from electrokinetic data by Equation 10. 


and Nichols (15) (34,500) has been substantiated by measurements 
of diffusion (16) and osmotic pressure (17). Recently, however, 
Svedberg (18) has reported a modified value of 42,200; this agrees 
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with recent diffusion measurements of Lamm and Polson (19) and 
osmotic pressure values of Marrack and Hewitt (20). The radius 
of the molecule between pH 4 and 9, calculated from the specific 
volume, would be 2.17 XK 1077 cm. for the lower molecular weight, 
or 2.32 XK 10-‘ em. for the higher. Over this pH range the radius 
remains essentially constant as shown by the sedimentation con- 
stants (14). 

Tiselius’ data for electric mobility of dissolved egg albumin, 


. corrected to 25° (from 20°, by adjusting the viscosity (4, 21)), were 


used to calculate the charge, by Equations 10 and 11.4. Our data 
for base binding at the same constant ionic strength were intro- 
duced into Equation 12. The results are given in Figs. 2 and 3. 
Fig. 2 shows the agreement when the lower values for radius and 
molecular weight are used and Fig. 3 shows what obtains with the 
higher.° 

Effect of Salt Concentration— Abramson (22) has pointed out 
that the net charge of proteins in the absence of salts depends 
mainly upon the pH, as shown by Equation 12. In the simplest 
ease, addition of salts should not influence the charge if the pH re- 
mains constant. Abramson states, however, ‘‘this will probably be 
found to be not true, in general, for some process tantamount to 
adsorption of ions of the salt may occur, the shape of the v,,-c curve 
remaining essentially the same but shifted because of the effect of 
salts on the isoelectric point.’? By use of an empirical form of 
Equation 10, Abramson was able to find evidence for these state- 
ments in the case of egg albumin and gc latin. 

An analogous expression to Abramson’s may be derived from 
Equation 11 by assuming that addition of salt does not change (Q 
appreciably. Thus if we have a mobility v;, at any given pH, at 
ionic strength wi: (and «;) and at (or we may equate Q, 
to as follows: 

Kor + 2 


= 


2 (13) 


* Abramson (3) gives examples in the use of the equations. 

‘The increase in xr with the higher radius has an insignificant effect on 
the constant of proportionality in Equations 9 and 10. 

* This assumes that «ir yields a constant of proportionality, when in- 
serted into the series expansion of Henry (foot-note 2), which is not sig- 
nificantly different from that given by «r. Under our conditions, this 
difference was never more than 6 per cent. Hence cancellation of the con- 
stants is valid. 
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Tiselius has presented a few measurements of the electric mobil- 
ity of egg albumin in 0.02 mM barium acetate-acetic acid buffers, 
These have been plotted as closed circles in Fig. 4. The dashed 
line deseribes the electric mobility of egg albumin (Tiselius) in 
0.02 m sodium acetate buffers. Although the molarities are the 
same, the ionic strengths are quite different (0.06 and 0.02, 
respectively). In addition, Abels (23) has shown that while 
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Fic. 4. Electric mobility of egg albumin (Tiselius). Closed circles, 
measurements in 0.02 m barium acetate buffers; dashed line, smooth 
curve of mobilities in 0.02 sodium acetate buffers, at 25°. The continuous 
curve has been calculated for the ionic strength of the barium acetate from 
the sodium acetate data as explained in the text. 


binding of calcium with egg albumin may occur, it is slight and 
takes place through a hydroxyl linkage. 

Equation 13 has been used to caleulate the electric mobility 
curve of egg albumin in barium acetate at ui; = 0.06 from the 
curve in sodium acetate at u2 = 0.02. The curve obtained was 
adjusted to the isoelectric point of the data in the higher concen- 
tration by shifting the whole curve upward 0.1 yu per second, keep- 
ing its slope the same. This is shown as the smooth curve in 
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Fig. 4. No allowance has been made for specific cffeets of the 
barium ion other than the effect of its valence on the lone 
strength, vet the agreement ts excellent. 

A more stringent test of this theory would be afforded by calcu- 
lations with a protein of different radius. This has been made 
possible by experimental observations of Tiselius on clectric 
mobilities of R-phycoerythrin from Ceramium rubrum.  Ultra- 
centrifuge Investigations (14, 24) have shown that this protein is a 
spherical molecule of molecular weight 208,000 and r = 3.95 mu 


24 


pH 


u/sec./volt/cm. 


hic. 5. Electric mobility of R-phyecoerythrin (Tiselius). Closed circles, 
measurements in 0.02 Mm barium acetate buffers; open circles and dashed 
curve, mobilities in 0.02 mM sodium acetate buffers, at 25°. The continuous 
curve has been calculated for the ionic strength of the barium acetate from 
the sodium acetate data as explained in the text. 


(up to pH 6.8, the limit of the pH stability zone (14, 24)).7 In 
Fig. 5 are seen electric mobilities of R-phycoerythrin in 0.02 mM 
sodium acetate (open circles) and 0.02 mM barium acetate (closed 
circles) buffers. The isoelectric point is shifted approximately 
0.08 pH unit. Applying Equation 13 and correcting for the 


7A recent paper by Svedberg (18) cites unpublished data of Eriksson- 
Quensel which revise VM to 290,000 and raise the value for the radius about 
12 per cent. Use of this value for r does not alter the slope of the smooth 
curve calculated in Fig. 5 by more than 2 per cent. 
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shift in isoelectric point, as above, we obtain the smooth curve 
in Fig. 5. The result fully sustains the theoretical assumptions. 


DISCUSSION 


It is clearly seen that complete agreement is secured between 
values for the charge calculated from the titration and mobility 
curves, provided that the lower values for the molecular weight 
and radius of egg albumin (34,500 and 2.17 & 1077 cm., respee- 
tively) are used in Equations 11 and 12.) ven when the higher 
molecular weight is employed, the deviation is only about 11 per 
eent. Equation 10 does not appear to hold for either value of the 
radius. Thus Abramson’s conclusion (3) that titration and 
electric mobility curves of proteins are proportional in solutions 
of the same ionic strength is fully substantiated. 

Use of data for adsorbed egg albumin (6), if adjustment is made 
in the titration curve for the shift in isoelectric point (1) incidental 
to adsorption, gives the same results on the basie side of the iso- 
electric point, but divergence is encountered on the acid side, 
corresponding to a shift of the factor 2 to 1.4. The divergence of 
absolute values in Abramson’s calculations is understandable when 
one considers the varying ionic conditions of Loeb’s titration 
eurve and the divergence of values for adsorbed proteins on the 
acid side (where Abramson’s coraparison was made). 

Since the curves for dissolved and adsorbed egg albumin are 
parallel on the basic side of the isoelectric point, it is likely that a 
loss of electrons rather than a change in radius is responsible for 
the shift in isoelectric point (6). This hypothesis would be 
strengthened if the shift in charge were an exact multiple of the 
charge of an electron, e. The difference between the mobilities 
of the adsorbed and dissolved protein at any pH (above the iso- 
electric pomt) was mserted in Equations 10 and 11. It is inter- 
esting to notice that the charge difference amounts to very nearly 
2 electrons (1.97) but that this obtains only when Equation 1 
(with the smaller value of 7) is used. The larger value of r gave 
2.16. Equation 10 yielded values of 1.31 and 1.46. Hence only 
the expression which gave the better agreement with titration 
data gave a charge difference which was an integral multiple of e. 
The use of the radius of the protein molecule as the effective radius 
of curvature, even when adsorbed on microscopic particles, has 
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been discussed before (3, 4,6). Although the introduction of the 
equation for the diffuse double layer into the spherical condenser 
equation is not without question, the success in its use justifies 
its combination with Equation 12 to obtain 


AMe (14) 
Dr(«r + 2) 

an equation which may possibly be employed in the calculation 
of electric mobilities at a given ionic strength from titration curves 


of proteins. 


SUMMARY 


1. Determination of the titration curve of solutions of crystal- 
line egg albumin at constant ionic strength (u; = 0.02) permits 
the calculation of the charge on the egg albumin ‘‘molecule’”’ by a 
thermodynamic method. 

2. Electric mobility data of Tiselius at the same ionic strength 
have been employed to calculate the charge per molecule by use 
of electrokinetic theory. 

3. Comparison of these calculated charge-pH curves over the 
range pH 4.0 to 5.5 shows excellent agreement between the 
thermodynamic and conductance methods, thus substantiating 
the electrokinetic theories in their simple form. 

4. Electrokinetic theory also permits the determination of the 
effect of ionic strength on the electric mobility at given pH. 
Application of these considerations to data for egg albumin and 
R-phycoerythrin has completely confirmed the theoretical 
assumptions. 

5. A quasi-theoretical expression has been derived by which, 
under certain conditions, electric mobilities of proteins may be 
calculated from their titration curves. 
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STUDIES ON THE ROLE OF BROMINE IN NUTRITION* 


By PHILIP S. WINNER? anno ARTHUR H. SMITH 
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Medicine, New Haven) 
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Bromine is widely distributed in soils, rocks, and, especially, 
waters; it is estimated that this element constitutes about 0.001 
per cent of the total crust of the earth. It occupies twenty-fifth 
place in the list of elements arranged in the relative order of their 
abundance. The ratio of bromine to chlorine is about the same 
in sea water as in the solid crust, and amounts to 1: 150 (Mellor, 
1927). Since the elements of the halogen group are generally 
associated in nature, it would be expected that they are absorbed 
together by plants and animals and should be present as normal 
constituents of the living tissue. The presence of chlorine, iodine, 
and fluorine in the body is known, while the presence of bromine, 
denied for a long time, is still a matter of controversy. 

In the past, occasional claims to the demonstration of bromine 
in the urine and tissues have been made, but only a few workers 
employed a technique suitable for the detection of this element. 
Damiens (1921) found bromine in the organs of dogs, and Bern- 
hardt and Ucko (1925, 1926) showed that it was constantly present 
in the blood and organs of man. Zondek and Bier (1932, 1933) 
obtained results which suggested that bromine is of greater 
metabolic importance than was previously thought. They  re- 
ported that in human beings the blood bromine is diminished 
during manic-depressive states and in some organic cerebral 
diseases. They also reported that in dogs the hypophyseal! 
bromine diminished or disappeared during artificial sleep, whereas 
the bromine content of the mesencephalon increased. The 


* Aided by a grant from the Russell H. Chittenden Fund for Research 
in Physiological Chemistry. 
t Sterling Fellow in Physiological Chemistry, 1935-37. 
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authors suggested that the pituitary scereted a substance contain- 
ing bromine which acted upon the cerebral centers producing 
sleep. These conclusions are open to question because the method 
for determining bromine, employed by Zondek and Bier, is subject 
fo gross errors. 

The question is still unanswered as to whether bromine js 
physiologically important to the body or is present in the tissues 
as an accidental constituent ingested with all foods. The present 
paper is a report of experiments to determine whether satisfactory 
nutrition ean be secured during growth and reproduction with 
diets very low in bromine and to investigate the effeets of diets 
containing different amounts of bromine upon the bromine content 
of the tissues of animals. 


EXPERIMENTAL 


White rats were used; the growth in body weight was observed 
and the bromine content of the tissues determined. ‘The animals 
were divided into three groups. Group A was fed the standard 
stock diet of this laboratory (Diet A) which consisted of Kayson’s 
A-1 Calf Meal (Maynard, 1930); Group B consisted of animals 
that received a highly purified. synthetie diet containing less than 
5 parts of bromine per 10 million but adequate im all known 
nutritional essentials (Diet B); Group C received the same diet as 
Group B plus an amount of bromine approximately equal to the 
bromine consumed by the animals in Group A (Diet C). 

Analyses for bromine were carried out by the method of Dixon 
(1934) as modified by Winnek and Smith (1937). A large number 
of foodstuffs were purified and analyzed (see Winnek and Smith 
(1937)). On the basis of these data, the diet in Table I was made 
and its bromine content estimated. Analyses of various samples 
of Diet A showed that the bromine content varied between 165 
and 202 micrograms per 10 gm. of diet. Analyses of Diet B 
showed that it contained 4.0 to 5.0 micrograms of bromine per 
10 gm. of food. Diet C was the same as Diet B with 200 micro- 
grams of bromine added in the form of KBr per 10 gm. of diet. 

The individual salts of the salt mixture employed were found to 
be free of bromine with the exception of the sodium chloride. 
This was purified by dissolving in redistilled water and then precip- 
itating with 95 per cent alcohol, distilled from sodium carbonate. 
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By repeating this procedure two or three times, it was possible to 
obtain sodium chloride completely free of bromine. Starches 
from different sources were analyzed and attempts made to purify 
them. Bromine seems to be intimately bound in the starch 
granules, making it impossible to obtain bromine-free starch. 
For this reason, sucrose, repeatedly shown to be free from bromine, 
was used as the source of carbohydrate in the experimental rations. 

Crisco was found to be free of bromine. Evans and Burr 
(1927) state that when the diet contains 22 per cent of Crisco, 
sufficient vitamin EF is provided for the rat. However, since 
many commercial food products vary greatly in vitamin content, 


TABLE | 
Diet B,* Highly Purified Synthelic Diet 


Per cent of total Bromine per gin. 


Constituent diet | constituent 

| | micrograms 

| 20.0 1 3-1 6 

Yeast (Pabst, debittered). 10.0 10-18 


* Supplemented with 3 drops of wheat germ oil per day and 2 drops of 
halibut liver oil with viosterol (Squibb) twice a week, given to each animal. 

t Salt Mixture 185 (MeCollum and Simmonds, 1918) modified by the addi- 
tion of 135 mg. of Zn;(PO,)2, 3.9 mg. of CuCO;-Cu(OH),, 3.0 mg. of Mn- 
CQ;, and 4.1 mg. of KI per 100 gm. of salt mixture. 


the diet was supplemented with wheat germ oil. Its bromine 
content was found to vary between 0.5 and 2.0 micrograms per 
gm.of material. Since each rat received only 60 mg. of the wheat 
germ oil per day, the amount of bromine introduced into the dict 
from this source was very small. 

Vitamins A and D were supplied to the animals on Diets B and 
C by giving each animal twice a week two drops of halibut liver 
oil with viosterol (Squibb).! Analyses showed the oil to contain 
about 10 micrograms of bromine per gm. Since each animal 
received only about 0.1 gm. per week, the bromine intake of the 
animals was not increased appreciably. 

The source of protein is one of the limiting factors in preparing 


' We are indebted to Dr. J. F. Anderson for this material. 
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a bromine-low diet. Casein, lactalbumin, egg albumin, and 
edestin were analyzed and attempts made to purify them. Com- 
mercial casein contains approximately 8 micrograms of bromine 
per gm. By repeated washing with redistilled water and _ re- 
distilled aleohol, it was possible to lower the bromine content to 
1.3 to 1.6 micrograms per gm. Attempts to purify the casein 
further by other procedures were not successful. It was not 
possible to reduce the bromine content of lactalbumin, egg albu- 
min, and edestin to an amount as low as that of the purified casein, 

The vitamins of the vitamin B complex presented the greatest 
difheulty and will probably continue to do so in a large majority 
of nutritional studies until all the factors of the complex are 
recognized and can be obtaimed in pure form. A large number of 
concentrates and dried yeasts were analyzed. It was found that 
the amount of bromine in the concentrates increased with the 
vitamin content. Certain batches of Pabst’s, dried, debittered 
yeast? were found to have only 1.0 to 1.8 micrograms of bromine 
pergm. This material was used, as it was lower in bromine than 
any other source of the vitamin B complex analyzed. 

Litter mates weighing 35 to 50 gm. at weaning were distributed 
among the different experimental groups. “The animals receiving 
Diet A were kept in galvanized wire cages in the regular animal 
room of this laboratory. Animals fed Diets B and C were housed 
in individual cages constructed of glass and monel metal. (Monel 
metal was found to be free of bromine, while galvanized wire 
contains traces of the element.) The cages were kept in a semi- 
air-tight box constructed of wood and glass, the two groups of 
animals being separated by an air-tight partition. Any traces of 
bromine in the air entering the box were removed by passing it 
through solutions of sodium hydroxide and filtering it through 
eotton. The relative humidity of the air in the box was main- 
tained between 50 and 60 per cent by placing dishes of solid sodium 
hvdroxide inside the box. The rats in the three groups had 
access to food and redistilled water at all times. 


DISCUSSION 


No significant difference was found in the general appearance, 
food intake, rate of growth, or reproduction record between the 
animals on the synthetie bromine-low diet and the synthetic diet 


? We are indebted to Dr. Harold Levine for this material. 
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containing added bromine (see Table 11). The rats on the highly qd 
purified Diets B and C did not eat as much or grow as well as 
II 
| Growth and Food Consumption of Rats 21 to 100 Days of Age 
| Females Males 
Animal Weight daily. Animal Weight daily 
at 100 food con- at 100 food con- 
gin. yim. gm. gm. gm. gm. 
Diet A 3 | 400 | 4.7 | 12.1 
2 | 302 3.3 | 9.6 4 403 45 119 
330 3 8 1O 7 34S 45 | BA 
| 300 3.2 9 6 
Average. 413 | 4.7 | 12.1 
25 | 245 73 312 83 
77 200 2 0 7.0 85 354 40 | 9.9 
Sl 226 2.4 
S3 192 2.0 6 7 
249 2:3 7.2 | 
Average.......... 26 | 2.2 | 7.2 3066 | 34] 96 
Diet © 16 210 2.2 7.2 12 290 3.1 9 7 
72 245 26 79 20 330 3.8 9 9 
7% | 0 | 38 | 23 | | 
78 212 2.2 S SS 300 a2. | 
SU 233 2.4 8 2 
86 | 244 | 2.5 | 7.7 
; 
| those on the standard stock food. The females on Diets B and C 


had litters but did not successfully raise their young. These 
conditions were not due to the difference in housing because ani- 
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mals on Diets B and C did no better when kept in galvanized wire 
cages in the open animal room. 

The young of the rats on the synthetic diets were born living 
and normal in appearance but the mothers did not care for them 
and did not seem to have sufficient milk to feed them. <A factor 
in the failure of the second generation of animals to live may be 
the use of sucrose as the sole source of carbohydrate. The effect 


TABLE III 


Effect of Bromine Intake on Amount and Distribution of Bromine 


in Animals 
Rats on Diet A Rats on Diet B Rats on Diet C 
Animals 
analyzed 
Tissue = Neufeld 
Bromine, Bromine, Bromine, Bromine, 
dry weight dry weight dry weight dry 
weight 
: per cent | per cent : per cent per cent 
Whole 6 0.0117-0.013* 11 0.00028-0.00147 7 0.0336—-0.0503 0 .0030§ 
| Hair and 4 0.0041-0.0047 5 0.00035-0.00054 5 0.009 -0.017 | 
7 skin | | | 
q Liver 4 0.0026-0.0029 3 0.00022-0.00035 6 0.0039-0.013 0.00055 
q Muscle 4 0.0013-0.0017 5 0.00029-0.00066 6 0.0041-0.0062 0.00055 
q Kidney — 2 0.0065-0.0070 3 0.00070-0.0020 | 2 0.022 -0.023 0.0011 
. | Spleen 2 0.0054-0.0056 3 0.0008 -0.0032 2 0.016 -0.019 0.0008 
Brain 2 0.0025-0 0026, 3 0.00033-0.0021 | 2 0.0082-0.0089 | 
| Young at 5 0.0085-0.0105 5 0.00073-0.0014 '0.032 -0 041 
q birth | 
: | * 2300 to 2600 micrograms per cent of fresh material. 
S| + 55 to 280 micrograms per cent of fresh material. 
q t 6580 to 9860 micrograms per cent of fresh material. 
590 micrograms per cent of fresh material. 
4g of sucrose in the diet has been investigated by Jackson (1930), 
q who reported little, if any, harmful effects on growth and repro- 
q duction when it was used in proportions as high as 80 per cent. 
3 On the other hand, Whitnah and Bogart (1936) reported that 
4 female rats receiving sucrose as the carbohydrate in their diets | 


did not reproduce normally. The failure of mothers on Diet C 
as well as Diet B to rear their young indicates that the lack of 
bromine was not the causative factor. 
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The animals were killed at 150 to 200 days of age and their 
tissues analyzed to determine the effect of the bromine intake on 
the amount and distribution of bromine in the animals. The 
results are presented in Table III, and for comparison the values 
obtained by Neufeld (1936) are given. The results show that 
the blood and all the tissues of the rats on the low bromine diet 
contained much less of the element than the tissues of the ani- 
mals receiving larger amounts of bromine. Of the tissues studied, 
there was no indication that any one organ retained bromine more 
tenaciously than the others. A comparison of the bromine 
content of the animals on Diets A and C should be noted. These 
two groups received approximately the same percentage of bro- 
mine in their food, vet the bromine content of the animals on 
Diet C was much higher than that of the animals on Diet A. 

There has been reported a large amount of work on the Br:Cl 
ratio in the body, and the effects of ingesting large amounts of 
bromine (see Ucko (1936)). The theory of Nencki and Schoumov- 
Simanovsky (1894) that bromine replaces a certain amount of 
chlorine in the blood and tissues after the administration of bro- 
mides has been criticized by von Wyss (1906, 1908) and others, but 
finds support in the work of Hastings, Harkins, and Liu (1932) 
and of Mason (1936). The interchange of chloride and bromide 
apparently involves equilibrium reactions, since the administra- 
tion of large amounts of chloride accelerates the elimination of 
bromide. Preu, Romano, and Brown (1936) recommend as a 
treatment for bromide intoxication the administration of chloride 
to eliminate bromide from the tissues. 

Since chlorides are the most difficult to prepare free of bromine, 
the MeCollum-Simmonds (1918) Salt Mixture 185 was chosen for 
this experiment because it contains much less chloride than other 
salt mixtures. It was found on analysis that the Br:Cl ratio of 
Diet A was approximately 0.009 and of Diet C, 0.021. The much 
higher proportion of bromine to chlorine in Diet C than in Diet A 
is suggested as the cause of the much larger amount of bromine in 
the blood and tissues of animals fed Diet C. 

The amount of bromine in the young rats at birth appears to 
depend on the bromine content of the mother. At birth, the 
young rats of the animals on the bromine-low diet contained very 
small amounts of bromine. It is unfortunate that it was impos- 
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sible to raise second generation rats suecessfully on the highly 
purified synthetic diets. If bromine is actually essential, it might 
have become apparent in the second or later generations when the 
bromine store was greatly depleted. 


SUMMARY 


A synthetic diet has been prepared which supports growth in 
the rat and has a bromine content of less than 5 parts per 10 
million. However, the growth was not equal to that of animals 
on the standard stock diet of this laboratory. 

In feeding experiments with this diet, no evidence was obtained 
that bromine is essential in the nutrition of the rat. 

The amount of bromine in the tissues of the animals depends not 
only on the amount of bromine ingested but also on the Br:C] 


ratio of the diet. 

The young born to mothers on a bromine-low diet have a greatly 
diminished bromine content as compared with young born to 
females on the stock diet. 
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During the past few years, the extreme stability of biological 
products in dry form has been much more generally recognized 
and made use of. Various processes of gentle desiccation have 
heen developed; those of Craigie (1), Elser et al. (2), Reichel (3), 
and Flosdorf and Mudd (4) utilize the preferable procedure of 
drying from the frozen state. 

The manner of drying (and of freezing if from the frozen state 
(3)) affects the degree of stability, solubility, and of extractability 
with lipid solvents without denaturation. Whatever the method 
used, however, the stability is influenced to a major extent by the 
degree of dryness attained. The residual moisture content of 
lyophile! biologically active serum products should be below 2 per 
cent and preferably in the range of 0.5 to 1.0 per cent (5). This 
low range has required a more rigid method for analysis than any 
previously available. 

Benedict and Manning (6) as early as 1905 pointed out that 
the analysis for moisture in biological substances low in moisture 
content cannot be carried out by direct determination. Fats and 
other substances are lost in the oven at 110° and physical and 
chemical changes occur which affect the weight. In order to 
observe the loss in weight of water under conditions which allow 
ho Other changes to occur, vacuum desiccation (1.0 mm. of Hg) 
over sulfuric acid was recommended. Sulfurie acid, however, 


' Lyophile has been applied by Reichel (3) to designate that desiccation 
has been carried out rapidly from the frozen state after initial rapid freezing 
at -50° or lower. 
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has an aqueous tension at room temperature greater than that of 
the desiccants usually used in drying biologics, including dry ice 
condensers. Benedict and Manning predicted that use of a high 
vacuum at 50-60° might be the method of choice for biological 
substances, but that at that time there existed no easy technieal 
method or apparatus for combining that degree of heat with the 
high vacuum. 

Porcher (7) recommended P.O, desiccation at 45° for a period of 
48 to 72 hours for dried milk, whereas Holm (8) suggested heating 
for 1 hour at 100° and 100 mm. of Hg. Werstow (9) found that 
3 to 4 hours were necessary for complete elimination of the water 
by Holm’s method. The official methods of analysis of the Asso- 
ciation of Official Agricultural Chemists (10) for milk and for other 
biological products call for vacuum oven desiccation (100 mm. of 
Hg) at temperatures ranging from 70-100°, depending upon the 
product. We have accordingly investigated the influence of 
time and temperature of heating on the determination of the 
residual moisture content of gently dried sera in order to develop a 
satisfactory method for our purposes. 


EXPERIMENTAL 


To devise a method for determination of the residual moisture 
content, it is necessary to have a standard of accuracy. By using 
desiccation at room temperature over P.O; for this purpose, we 
have avoided danger of the losses in weight trom the sources 
pointed out by Benedict and Manning, yet accurate values have 
been obtainable, particularly when attainment of equilibrium is 
accelerated under high vacuum, because P2O; is the classical 
desiccant having an immeasurably low aqueous tension. For a 
standard of accuracy, it was desirable not to use a temperature 
even as high as that used by Porcher, as it is known that changes 
in delicate immunological systems occur even at relatively low 
temperatures. As a routine procedure, however, this method is 
too slow and too much open to error because of the excessive 
manipulation required. The varying amount of moisture in the 
unknown and other factors make the length of the desiceation 
period uncertain. It was necessary, therefore, to weigh after a 
number of desiccating periods, with the surface of the P20; 
freshly scraped each time, until the samples attained a constant 
weight. 
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The test materials were sera of various species and other sub- 
stances. We have found that the total time which is required to 
reach constant weight over P.O; in vacuo varies from 48 to 144 
hours for 1 gm. samples containing initially 1.0 to 25.0 per cent 
moisture. Desiceation carried out over periods of 2 to 3 weeks 
indicates that a constant weight is actually attained. The first 
experiments were designed to determine the effect of heating at 
110°. The results appear in Table I and are the average results 
from analyses carried out in triplicate. 


TABLE I 


Apparent Residual Moisture Content of Lyophile Serum As Indicated by 110° 
Oven Compared with P2Os-Vacuum Method 


Oven results, 110° 


P20; re- | 


Material le sults 90 9 


No. Control hrs. 43 hrs. 20 hrs. 48 hrs. hrs. | wks, 
Pool of guinea pigserum 1 24.8 © 24.8 24.9 25.0 25.0 24.9 
(100 animals) 26 26; 2.7|2.9/3.0 3.2 
3 0.5 10.7, 1.2; 1.8 | 1.8) 20 
Pool of rabbit serum (4 4 00 1.61.6) 3:7 23 
animals) | 
Poolofhuman serum (80 5 1:41 3:44 354 
persons ) 
Horse serum (normal) 6 4.3 14.56 | 4.6 | 46: 4.7 | 5 4 
7 | 1.8 | 1.0 
| 05'05'08/0.7; 1.1 
Horse globulin (diph- 9 02 0.1 03 083 0 


theria antitoxin) 

On the basis that lvophile serum, after completion of its desic- 
cation by means of PsO;, can be heated at 110° for 10 to 18 hours 
without additional loss in weight, it had been believed that the 
oven at 110° could be used equally well in moisture determinations 
(4). The results in Table I, however, indicate that serum not 
dried over P2Os, but with 0.5 to 1.0 per cent moisture, loses weight 
in the oven at 110° even though the lyophile serum desiccated 
with P,O; does not suffer such loss. Furthermore, the degree of 
loss is greater, for some unknown reason, in the desired stability 
range of 0.5 to 1.0 per cent residual moisture than it is at very high 
levels. The largest errors have arisen with guinea pig serum. 
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The slighest degree of decomposition or other weight loss 
occurring at 110° causes a large percentage error. <A 10 ml. serum 
sample contains normally from 0.6 to 1.0 gm. of solids. Lyophile 
serum, containing 0.04 per cent of the original water, has a mois- 
ture content of about 0.5 per cent as expressed in terms of the dry 
solids remaiming (P2Q5-vacuum method). The actual weight of 
this moisture in the quantity of dry material mentioned above is 
3 to 5 mg. Decomposition to the extent of 1 mg. would cause 
an error of 20 to 30 per cent. The error occasionally has been 
found to be as much as 300 per cent. 

The vacuum oven at a relatively low temperature appeared to 
offer the best promise of meeting the requirements for a method 
of analysis, and in the present work the relation between time and 
temperature of heating at 10° intervals (50-100°) in a high vacuum 
oven has been investigated. This relation was compared with 
results obtained by the PeOs-vacuum method. Altogether 650 
determinations have been made in this investigation, usually in 
triplicate. In comparisons of different methods the samples were 
all taken, in the case of any one substance, from a single container. 
The substance was powdered thoroughly by shaking vigorously 
in the sealed evacuated container and, while still sealed in the 
container, it was stored for several days at 37°. The material was 
considered then to be uniform in moisture content in all parts of 
the container. The weighing bottles used in the analysis were 
filled as rapidly as possible after the serum container was opened 
and numbered in the order of filling. Alternate samples were 
used for each method. The results obtained indicate that trans- 
ference of the extremely hygroscopic samples can be accomplished 
without significant increase in moisture content. 

It was found that 50° is the maximum temperature at which 
serum may be heated without decomposition of the more labile 
species; at this but not at lower temperatures moisture is com- 
pletely eliminated within a reasonable interval of time. A con- 
stant weight could not be obtained generally at a higher tempera- . 
ture. Some species of serum may be heated as high as 80° without 
decomposition, but it is desirable to use a temperature that 1s 
applicable to all products of a generally similar nature. Typical 
results of the average of duplicate and triplicate determinations 
earried out in the vacuum oven are summarized in Table I. 
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It has been found that even at 50° if some sera be heated un- 
necessarily long, decomposition eventually will oceur. 22 hours 
are ample for the sera even with higher moisture contents to attain 
constant weight; however, marked decomposition and further 
loss in weight do not become appreciable until after 48 hours. 
This permits sufficient latitude for a practicable general procedure 
tobe set up. ‘There is some variation with the sera from different 
species, but the degree of accuracy attaimable with all types of 
serum heated at this one temperature is less than a +15 per cent 
error, Which is satisfactory. The use of a desiccation chamber, 
filled with P.O; or drierite, in the oven-vacuum system (or with 


TaBLe Il 
Apparent Residual Moisture Content of Lyophile Serum As Indicated by 22 
Hours Heating in Vacuum Oven at 50°, Compared with P2Os- 
Vacuum Method 


Species of serum P2Os Vacuum oven 
per cent | per cent 
Horse serum (normal) 2.34 2.27 
Guinea pig serum 1 32 1 35 
Horse globulin (diphtheria) 0.74 0 64 
1 61 1.38 
serum (normal) 0 97 0 
5 49 5 6% 
Rabbit 95 1 O07 
4 01 3.90 


P.O; in the oven itself) produced no difference in the final results. 
This is explained by the fact that the pump has sufficient capacity, 
even at a pressure of 0.1 mm. of Hg, for the amount of water vapor 
which is yielded by products of such low moisture content. 
Determinations also were carried out in the oven at 50° but at 
atmospheric pressure and in a POs desiccator at atmospheric 
pressure. In both cases it was clearly evident, from a comparison 
with results by the P.O;-vacuum method, that a vacuum is 
hecessary in cither the oven at 50° or in the desiccator with P.O; 
(although over P.O; the final equilibrium value would doubtlessly 
be established if sufficient time were allowed to elapse). The 
average of results obtained in triplicate are shown in Table III. 
In operation of the P,O;-vacuum method, the practise has been 
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to evacuate the desiccators to a pressure of 0.05 mm. of Hg and 
then to close the stop-cock and shut off the pump. Tests showed 
that the desiccators hold their vacuum satisfactorily for many 
days. Inthecase of the vacuum oven, with which it is much more 
difficult to exclude completely all leaks and where there is no 
desiccant to absorb the water vapor, it is necessary to run the 
pump continuously. The directions in detail for the vacuum 
oven procedure based on these findings are given below. 

For use with samples of approximately 1 gm. (the solids from 
10 ml. of serum), low form, flat bottom weighing bottles (50 mm. 
diameter) with well ground stoppers? are used. These are pre- 


TABLE III 


Apparent Residual Moisture of Lyophile Normal Horse Serum As Indicated 
hy Oven at 50°, Atmospheric Pressure, and by P.O; Atmospheric Desic- 

cation, Compared with Usual P:O;-Vacuum Method 

Atmospheric pressure 


Period of desiccation P:O:;-vacuum 


Ars. per cent per cent | per cent 
24 0.61 0.59 0 
48 1.32 0 SO 0 1 
72 ‘1.28 0.82 Increased in weight 


Qs | 1.31 0.82 


pared by cleaning in chromic acid solution, followed by thorough 
rinsing with distilled water. The bottles with the lids tilted open 
are then placed in the oven’ for 2 hours under a vacuum at 50°. 
The oven is connected directly to a Cenco Hyvae pump. The 
tubing should be short and all connections should be sufficiently 
tight to permit evacuation to 0.1 to 0.2 mm. of Hg (McLeod gage). 
The bottles with the lids closed are then removed from the oven 
and placed directly in a desiceator to cool. The desiccator 
should contain a large freshly scraped surface of POs. In 1 hour, 
temperature equilibrium is attained and the bottles are removed 
from the desiccator one by one and weighed to 0.1 mg. as quickly 
as possible. 


2 Arthur H. Thomas Company, catalogue No. 9965. 
’ Weber vacuum oven. Arthur H. Thomas Company, No. 7886 or No. 


7888. 
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The bottles are now filled quickly with amounts of samples 
believed to be about 1 gm. each. The lids must be replaced on 
the bottles with as little delay as possible after transferring the 
sample.‘ The bottles are reweighed quickly in order to obtain 
the exact weight of the sample. 

With the lids tilted, the bottles are placed in the vacuum oven 
regulated to 50° + 1°. The lids should not be opened until after 
the bottles are placed in the oven; otherwise drafts may blow 
away small particles of the light and fluffy sample. The Cenco 
pump is turned on and allowed to run continuously for 22 hours 
with a pressure of 0.1 to 0.2 mm. of Hg. A pressure of 0.2 mm. 
of Hg should be reached within an hour or less. 

In 22 hours the pump is shut off and air is slowly admitted to 
the oven. ‘The precaution of admitting dry air into the hot oven 
has been found to be unnecessary. The lids are replaced instantly 
and the bottles removed to the desiccator for cooling. They are 
weighed after an hour to 0.1 mg. as previously. 

By this procedure, any detectable errors which might arise from 
atmospheric conditions are avoided, even on days when the rela- 
tive humidity approaches 100 per cent. This method is fully 
satisfactory for carrying out a large number of routine determina- 
tions and has been used in these laboratories in the analysis of 
over 1500 samples during the past year. It should be of general 
use in biological work. 
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During the past few years, it has been repeatedly demonstrated 
that there is an active turnover of phospholipids within the intes- 
tinal mucosa. ‘The first indication of the process was the finding 
that the degree of unsaturation of the phospholipid fatty acids 
increases very considerably and very promptly after the ingestion 
of a highly unsaturated fat such as cod liver oil (1). Several 
years later Artom and Peretti (2) showed that the fatty acids of 
iodized fats when fed by mouth promptly enter into the phos- 
pholipids of the intestinal mucosa and, when the absorption of 
the iodized fat is completed, are replaced once more by normal 
fatty acids. Just recently (3) Artom et al., by using the radio- 
active isotope of phosphorus P*, have been able to show that the 
turnover of phospholipids in the mucosa involves a rapid and 
continuous change, not only of the fatty acids in the molecules but 
of the phosphoric acid as well. The experiments reported in this 
paper, although carried out primarily for a different purpose, 
demonstrate very clearly the rapidity and the extent of the turn- 
over of phospholipid within the intestinal mucosa. 

The correct interpretation of the turnover is still uncertain. 
When it was first discovered (1) attention was called to the fact 
that there were three possible explanations: one, that there was 
an active combustion of phospholipid within the epithelial cells; 
another, that phospholipid was being continuously synthesized 
and carried into the blood stream; and the other, that phospholipid 


* Part of the results reported in this paper was presented before the 
American Society of Biological Chemists at Memphis, 1937 (Sinclair, R. G., 
Proc. Am. Soc. Biol. Chem., 8, xe (1937); J. Biol. Chem., 119 (1937)). 
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was Involved as an intermediary product in the resynthesis of 
neutral fat. At that time the third interpretation was suggested 
as being the most probable, largely because of the lack of evidence 
in favor of and the existence of some evidence against the first 
two. 

In the meantime much new evidence has appeared. It is of 
great significance that it has been possible to show (4-6) that there 
is an increase in the phospholipid content of the thoracie lymph 
during fat absorption, thus indicating a flow of phospholipid from 
the intestine to the blood. Even though it has not yet been 
possible to demonstrate the passage of phospholipid directly into 
the portal blood, it seems quite likely that it does occur. If phos- 
pholipid does pass in significant amounts from the epithelium 
into the blood, it is evident that this process may be the explana- 
tion of the turnover of phospholipid in the intestinal mucosa. 

On the other hand, the hypothesis that the phospholipids of 
the epithelial cells are actively concerned in fat absorption by 
acting as an intermediary stage in fat resynthesis (1) has been 
very vigorously supported by Verzar and his coworkers. They 
have shown that the administration of todoacetic acid (7) and 
phlorhizin (8) and adrenalectomy (9) impede fat absorption, 
presumably by interfering with phospholipid synthesis, and that 
the feeding of glycerophosphoric acid (10) accelerates fat absorp- 
tion by favoring phospholipid synthesis. However, this evidence 
is for the most part indirect and open to an alternative inter- 
pretation. The need for more decisive and more direct proof ts 
very obvious. 

Regardless of the fate of phospholipid in the intestinal mucosa, 
the existence of a very active synthesis would seem to be definitely 
established. In the process fatty acids which have recently been 
absorbed from the intestinal lumen are used (1, 2) (see below). In 
previous work with other tissues such as liver, muscle, and kidney 
it had been found that other factors in addition to relative pro- 
portions of the various fatty acids in the diet influence the nature 
and the proportions of fatty acids in the tissue phospholipids. 
Thus it has been found that the ratio of solid (saturated) and 
liquid (unsaturated) acids in the phospholipids is fixed within 
quite narrow limits (11) and that there is a definite selection of 
highly unsaturated fatty acids for phospholipid synthesis (12). 
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In view of the rapid and extensive synthesis of phospholipid in 
the intestinal mucosa and of the fact that ingested fatty acids, 
so far as is known at present, probably enter into the epithelium 
without extensive alterations in unsaturation, in length of chain, 
or in relative proportions, it seemed that the intestinal mucosa 
would be the best tissue in which to study further the factors 
which govern phospholipid synthesis. ‘The experiments presented 
in this paper represent the first phase of that project. 


EXPERIMENTAL 


Experiment 1. leversal of Changes in Unsaturation of Mucosa 
Phospholipids—In the first paper dealing with the turnover of 
phospholipid in the intestinal mucosa (1) the major effort had 
been directed to proving that the average degree of unsaturation 
of the phospholipid fatty acids does increase promptly after the 
feeding of a highly unsaturated fat such as cod liver oil. A few 
experiments were carried out to show that a decrease in unsatura- 
tion resulted when a saturated fat such as coconut oil was fed. 
However, the results of the latter, although in the right direction, 
were not striking and by no means decisive. When later it was 
found that the degree of unsaturation of the phospholipids of such 
tissues as liver and muscle increased much more readily than it 
decreased (12) it was obvious that a further study of the phos- 
pholipids of the intestinal mucosa was needed, especially in view 
of the hypothesis that the latter were involved as intermediary 
products in fat resynthesis. If the mucosa phospholipids main- 
tained a high degree of unsaturation during the absorption of more 
saturated fatty acids, it would be against their playing a rdle in 
fat synthesis. 

Accordingly one of us (C. 8.) carried out a series of experiments! 
in which cats that had been fed cod liver oil for a few days in order 
to raise the average degree of unsaturation of the mucosa phos- 
pholipids were fed beef tallow. After varying absorption periods 
the cats were killed. The phospholipids of the intestinal mucosa 
were obtained and the iodine number of their constituent fatty 


1 These experiments were made possible by a grant from the Fluid Re- 
search Fund of the School of Medicine and Dentistry, The University of 
Rochester. 


d 

} 

is 

| 

> = 

| 

: 

| 

| 

| 

ia 

| 

i 

i 

@ 


ag 
# 


364 Phospholipids in Intestinal Mucosa 


acids determined according to methods previously used (1). The 
results are given in Table I. 


TABLE I 
Changes in Unsaturation of Phospholipids of Intestinal Mucosa 


Group 3 


( beef. Fed vil Fed 25 ce. cod liver oil for 
Postabsorptive or for 2 or more days. Fasted 
fasting when killed ) 1 day before death more days before death 
Phospholipid fatty acids, per 100 gm. 
7 Dry Dry ™ Dry 
mucosa extracted INO. extracted INo. extracted 
gm. gm. gm. gm. gm. gm. 
1 33 7 00 1 36 7 OS 1 34 4.23 103** 
132 86 * 132 6.73 112§ 1 24 6 95 
GOT 1 35 6 82 109$§ 1 30 7.20 103** 
1.56 | 8.00 99t 1.38 6.99 L15$ 1.4 | 71.04 Q7** 
139 7.20 152 | 7.35 102 | 7.0 
1.52 | 7.40 1 61 S25 114$ 1 36 7.80 97 
97t 1 43 7 60 126. 1 40 60 
1.52 7 65 123¢ 7.75 104) 
1 33 7.50 959 ¢ 
1 47 7 


70 | 


* Constant diet of meat scraps. 

+t Constant diet of hashed lean beef. 

t Cat refused toeat. Fasted for several weeks. 

§ Fed two daily doses of cod liver oil to cats previously on hashed lean 
beef diet. 

| Fed four daily doses of cod liver oil to cats previously on hashed lean 
beef diet. 

€ Fed nine daily doses of cod liver oil to cats previously on hashed lean 
heef diet. | 

** Fed 50 gm. of beef tallow to cats previously fed two doses of cod | 
liver oil. 

tt Fed 75 gm. of beef tallow to a cat previously fed two doses of cod liver 
oil. However, there was little evidence of any absorption of the tallow. 

tt Fed two 50 gm. lots of beef tallow to cats previously fed two doses of 
cod liver oil. 

§§ Fed four 50 gm. lots of beef tallow to cats previously fed two doses of 
cod liver oil. 

| Fed 50 gm. of beef tallow to a cat that had previously been given four 
daily doses of cod liver oil. 

€€ Fed two 50 gm. lots of beef tallow to cats that had previously been 
given four daily doses of cod liver oil. 
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The most important point brought out by these data is the fact 
that there is no evidence of a retention in the phospholipids of the 
highly unsaturated fatty acids of previously ingested cod liver oil. 
The absorption of a single 50 gm. feeding of beef tallow was suffi- 
cient to lower the iodine number of the phospholipid fatty acids 
from the level of about 115 almost, if not quite, to the level char- 
acteristic of cats fed beef fat over an extended period of time; the 
absorption of two 50 gm. feedings brought the iodine number down 
to the control level. The replacement of higher unsaturated 
fatty acids by those of low degree of unsaturation appears to take 
place as readily as the reverse. 

It will be noted that there is no evidence of significant changes 
in the amount of phospholipid fatty acids in the intestinal mucosa. 
This is in complete agreement with earlier experiments (1). Ar- 
tom and Peretti (2), on the other hand, have found evidence of a 
decrease in the amount of phospholipid in the intestine of the 
rabbit during fat absorption and have argued that this decrease 
suggests a passage of phospholipid out of the intestine into the 
blood. In view of the rapid turnover of phospholipid which is 
evidently going on in the epithelial cells during fat absorption, 
fluctuations in the amount present would seem to be more likely 
than a constancy. Nevertheless, in the cat, a relative constancy 
appears to be maintained. This probably merely means that 
the rate of synthesis is approximately equal either to the rate of 
transformation to fat or to the rate of diffusion into the blood. 

Experiment 2. Introduction of Elaidic Acid into Mucosa Phos- 
pholipids—-In previous publications it has been shown that elaidie 
acid can be used as a labeled fatty acid in the determination of 
the rate of turnover of tissue phospholipids (13). The method 
of determining the amount. of elaidic acid in a mixture of natural 
fatty acids depends on the fact that it is an unsaturated fatty acid 
and yet behaves like the usual saturated fatty acids in that its 
lead salt is insoluble in cold aleohol. For details the reader is 
referred to previous papers (13). 

Cats were fed 20 to 30 gm. of elaidin? emulsified in water with 


? The term elaidin is used for convenience to denote the glycerides which 
erystallize from a cold acetone solution of olive oil which has been treated 
with N.O; to convert oleic acid into elaidic. Approximately 85 per cent of 
the fatty acids of the elaidin consists of elaidice acid. 
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about 300 mg. of lecithin. After varying times, as recorded in 
Table II, the cats were killed. The muscle coat was separated 
from the mucosa by a method already described (1). In the 
earlier experiments, as indicated in Table II, a suitable portion 
of the entire mucosa was cut up with scissors, ground with sand, 
and the lipids extracted. Later, in the hope of increasing the 
proportion of epithelium and therefore of absorbing tissue, the 


TaBLeE II 
Elaidic Acid in Phospholipids of Intestinal Mucosa of Cats 


Phospho- | 3 
lipid fatty | Solid acids | 
(1) | (2) | (3) (4) (5) | (6) | (7) | (8) (9) | (10) 
| hrs. | | | | | “cent cent 
1] 6 Mucosa 0.98 114 | 45 49.1) 24 | 20 | 56 
8 0.77 108 | 53) 59.0 34) 18 | 48 
3 | 12 1.21 118 50) 59.6 33! 17/5 
| 12 0.86 110 61.3 36 17 | 47 
4/15 1.08) 122 | 50 63.4 35 | 15 | 50 
2117 upper 096 110) 44 47.1) 23 21 56 
half | | | | 
Mucosa, lower 0.82 111 51 567 32.19 49 
half | | 
i3 | 8 Serapings from 1.25 107 | 56 61.5 38 18 44 
| mucosa | | | 
12 | 18 152 111 49 55.7, 30 19, 51 
14 | 48, 36, 24, 12 136 109 60 719 48 12 40 
15 Elaidintwice, 1.14! 110 | 50 | 63.2) 35 | 15 4 50 
daily for 5 | | | | 
days 


mucosa was slit open lengthwise and the inner surface scraped 
with a blunt knife. Histological sections showed that the serap- 
ing severed the villi about one-half to one-third of the distance 
above the base. Consequently the material analyzed consisted 
of epithelium and inner structure of the villi. Although no 
experiment was performed to compare the elaidic acid content 
of the phospholipids of the scrapings and of the remainder of the 
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mucosa, the data shown in Table II indicate that there is prob- 
ably little difference between them. 

The data in Column 8 of Table II show that within 8 hours 
after its ingestion elaidic acid may make up one-third or more of 
the fatty acids in the phospholipids of the mucosa. If the feeding 
of elaidin is repeated several times, then about one-half of the 
fatty acids may consist of elaidie acid. It is an interesting point 
that these values for total elaidic acid are very considerably higher 
than has ever been found in any other tissue of either the cat or 
the rat. 

It will be observed that there is some variation in the results 
from animal to animal. That is to be expected. When one 
considers the immense surface of the intestinal epithelium and 
realizes that the intensity of fat absorption varies considerably 
from one portion of the intestine to another and from one region 
of a single villus to another, it is rather surprising that there is as 
close agreement as there is in most of the experiments. The 
variation in the elaidie acid content of the phospholipids from two 
different sections of the intestine is illustrated by the data for Cat 
2, the lower half being considerably richer in elaidic acid than the 
upper, although the phospholipid contents of the two halves were 
not widely different. | 

It seems best to call attention to the fact that no claims are 
made for the absolute accuracy of the values given in Column 8 
of Table II. Because of the appreciable solubility of lead elaidate 
in cold alcohol, the amount of elaidie acid recovered with the solid 
acids must be somewhat too low. On the other hand, the solid 
acids in all cases tend to be contaminated with unsaturated acids, 
probably mostly oleic, which will tend to make the values for 
elaidic acid somewhat too high. In general it is assumed that 
these two errors cancel one another and that the values for elaidie 
acid as calculated from the percentage and iodine number of the 
solid acids are probably close to the correct ones. 

The data in Column 6 (Table II) show that the percentage of 
solid acids in the phospholipid fatty acids of the mucosa of cats 
absorbing elaidic acid ranges from 44 to 60 per cent. In control 
cats fed natural fats the percentages of solid acids range between 
32 and 38 per cent and average 35 per cent (Table III). This 
very considerable increase in the percentage of solid acids could 


— 
# 
= 
i 
3 
| 3 
j 
| 
5 
= 
j 
| 
is 
& 
| 
i} 
; 
& 
> 
& 
f 
= 
t 
| 
a 


: 

4 


368 Phospholipids in Intestinal Mucosa 


be caused by either one or both of two things happening: the 
replacement of a part of the normal phospholipid containing satu- 
rated and unsaturated fatty acids by phospholipid containing |] 
or 2 molecules of elaidic acid; and the addition of dielaidyl or 
monoelaidyl phospholipid to the phospholipid already present in 
the mucosa. If the latter occurs to any considerable extent, 
there would be evidence of a consistent increase in the percentage 
amount of phospholipid in the mucosa and the magnitude of the 


Constancy of Percentage of Saturated Acids in Phospholipids of Intestinal 
Mucosa of Cats Fed Various Natural Fats 


Phospholipid 


fatty acids Solid acids 


Time before 


Fat fed death fat wus Amount 
fat-free INo. cent | 1 No. 
tissue 

hrs. per cent 
7 Standard meat scrap 44 133 | 113/| 37 | 10.9 
diet. Beef tallow | ) | 
48 0.58 | 112! 37 | 10.4 
18 1s 191 | 9 | 3 | 103 
9 Olive oil 6 0.76 : 99 | 37 | 11.2 

10 119 100; 33 89 

11 2 126 100! 34 | 128 

72, 48, 32, 24, 9 104; 35 | 13.0 

21 | Corn “ 15, 5 0.98 | 104] 33 | 93 

19 Raw liver; no addi- 18 | 1.69 | 127; 38 7.1 

tional fat | | 

20 | Olive oil after steady = 13, 5 1.14 | 100] 32 9.8 

liver diet | | 


increase would be at least roughly proportional to the elaidie aeid 
content. The percentages of phospholipid fatty acids shown in 
Column 4 (Table II) when compared with one another and with 
the values for the control cats (Table II]) give ne indication of 
any correlation between phospholipid content and the percentage 
of elaidic acid. Furthermore, as pointed out above, all the earlier 
evidence points to an extensive turnover of the phospholipids in 
the mucosa. It appears, likely, therefore, that during the absorp- 
tion of elaidic acid part of the normal phospholipid disappears 
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from the mucosa (by conversion to neutral fat or by passage into 
the blood and lymph or by both) and is replaced by phospholipid 
containing 1 or 2 molecules of elaidie acid. 

The difference between the percentages of solid acids and of 
elaidic acid may be taken as a measure of the percentage of satu- 
rated fatty acids in the mucosa phospholipids (Column 9, Table 
Il). Likewise the percentages of liquid unsaturated acids have 
been calculated as the difference between 100 and the percentage 
of solid acids (Column 10, Table I1).2 By subtracting the values 
in Columns 9 and 10 from 35 per cent and 65 per cent respectively, 
that is, the percentages of solid and liquid acids in the control 
animals, one may calculate the percentages of saturated and 
unsaturated acids respectively which have been replaced by elaidic 
acid. These calculated values range between 14 and 23 per cent 
with an average of 17 per cent for the saturated acids and between 
9 and 24 per cent with an average of 16 per cent for the unsatu- 
rated acids. It is evident therefore that the replacement. of 
saturated and unsaturated acids in the mucosa is not in the pro- 
portion of 35:65 as they occur normally in the mixed phospholipids 
of the mucosa but approximately in the ratio of 50:50. The 
significance of this 50:50 ratio will be discussed later. 

It will be observed that the maximum value for elaidic acid in 
the mucosa phospholipids was 48 per cent. Since the elaidin fed 
contained approximately 85 per cent elaidic acid and 15 per cent 
saturated acids, the maximum value attainable, assuming com- 
plete replacement of the phospholipid previously present and 
disregarding the admixture of fatty acids secreted into the intestine 
from the blood stream, would be 85 per cent elaidie acid. It may 
be calculated therefore that in Cat 14, which was vigorously absorb- 


> The amount and the iodine number of the liquid unsaturated fatty acids 
were determined in all cases. In general there was good agreement with 
the values calculated from the amount and iodine number of the mixed and 
of the solid acids. Since these data may be calculated from those given in 
Tables II and IIT and are not directly pertinent to the question at hand, 
the values actually determined have not been given. 

‘It may be that very considerable amounts of fat are secreted into the 
intestine during fat absorption and that the differences between the elaidic 
acid content of the phospholipids and the value of 85 per cent in the in- 
gested fat are, in part at least, due to the reabsorption of endogenous 
fatty acids. 
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ing elaidic acid throughout a period of 48 hours, about 60 per cent 
of the normal phospholipid was replaced by that synthesized from 
the ingested fat. Whether the remaining 40 per cent represents 
merely the phospholipids in non-absorbing epithelial and other 
cells, or includes as well a relatively stable non-metabolic phos- 
pholipid in the absorbing cells cannot be decided at present. 

Experiment 3. Constancy in Ratio of Saturated to Unsaturated 
Fatty Acids in Mucosa of Cats Absorbing Oleic and Other Unsatu- 
rated Fats—The experiments just reported have shown that during 
the absorption of elaidin between one-third and one-half of the 
natural fatty acids normally present in the mucosa phospholipids 
is replaced by the unnatural elaidic acid. It seems reasonable 
to assume that this replacement is due to the use of the recently 
absorbed elaidic acid in the synthesis of phospholipid made 
necessary by the rapid turnover which is going on in the epithelial 
cells. It would also seem reasonable to assume that any other 
readily absorbable fatty acid such as stearic, palmitic, or oleic 
acid would also be utilized for phospholipid synthesis and would 
therefore make up 50 per cent or more of the phospholipid fatty 
acids of the absorbing mucosa. Actually this expectation is not 
realized. | 

The values in Table ILL show that there is a striking constancy 
in the percentage of solid acids in the mucosa phospholipids even 
when cats which have been previously on a diet rich in beef tallow 
(which contains about 55 per cent saturated fatty acids (14)) are 
fed large amounts of olive oil which contains only 12 per cent 
saturated acids.’ If the oleic acid had been used in phospholipid 
synthesis to the same extent as elaidic acid, its stereoisomer, then 
the percentage of solid’ acids should have been lowered to 20 per 
cent or less. Similarly on feeding corn oil, which contains mostly 
unsaturated acids, the percentage of solid acids is not materially 
lowered, 

What is the explanation for this constancy? There is every 
reason to believe that during the absorption of olive and corn oils 


>A considerably larger number of experiments might prove that the 
slight drop in the percentage of solid acids indicated in some instances is a 
significant one. However, even if real, this decrease is very small as com- 
pared with that anticipated on the basis of the results with elaidie acid. 
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the turnover and theretore the synthesis of phospholipids in the 
mucosa are just as active as during the absorption of elaidin. 
Indeed comparison of the iodine numbers of the mixed acids and 
of the unsaturated acids (not given in Table III) shows very 
clearly that there has been a decrease in the average iodine 
number of the unsaturated acids. This probably means that 
oleic acid has replaced fatty acids of higher degree of unsaturation. 

It appears likely that under natural conditions there is a selec- 
tion of fatty acids in the synthesis of phospholipid so that a 
constancy is maintained in the proportion of solid saturated and 
liquid unsaturated fatty acids. In this respect the phospholipids 
of the intestinal mucosa are subject to the same governing factor 
as those of other tissues such as liver, muscle, and kidney (11). 
The relative proportions of solid and liquid acids seem to vary 
somewhat from tissue to tissue but for each tissue the ratio is 
apparently quite constant. While it appears likely that the 
selection is the consequence of enzyme specificity, the actual 
mechanism involved must be left for future work to settle. 

It will be recalled that during the absorption of elaidic acid 
saturated and unsaturated fatty acids are replaced by elaidie acid 
approximately gm. for gm. One possible interpretation of this 
50:50 ratio is that the replaceable metabolic phospholipid in the 
mucosa contains, under normal conditions, | molecule of saturated 
and 1 molecule of unsaturated fatty acid. It may be that, because 
of the unusual character of elaidie acid of having the physical 
properties of a saturated acid and yet being unsaturated, the 
enzyme system involved in the synthesis of phospholipid treats 
elaidie acid both as a saturated and as an unsaturated acid. Thus 
a dielaidy] phospholipid is synthesized. But when oleic acid or 
other unsaturated acids predominate in the epithelial cells, in 
the synthesis of phospholipid only one ester linkage of the glycero- 
phosphoric-base complex can be filled with an unsaturated acid, 
the other being filled only by a saturated acid. The source of 
the necessary saturated acids under these circumstances is prob- 
lematical but, in view of the definite occurrence of saturation in 
the animal body (15), it may arise by saturation of unsaturated 
fatty acids. The need for further experimental study of the sug- 
gestions made above is very obvious. 
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SUMMARY 


1. By feeding cats beef tallow following a preparatory feeding of 
cod liver oil it has been shown that the change from a higher level 
to a lower level of unsaturation in the phospholipids of the intesti- 
nal mucosa occurs about as readily as the increase from a lower 
level to a higher. 

2. During the early period of the absorption of elaidic acid by 
cats, the elaidic acid replaces over one-third of the normal fatty 
acids in the mucosa phospholipids. Under tavorable conditions 
about one-half of the normal fatty acids can be replaced by elaidie 
acid. Although the ratio of solid to liquid acids in the phos- 
pholipids of the mucosa is about 35:65, the elaidie acid replaces 
saturated and unsaturated fatty acids in about equal proportions. 

3. The absorption of large amounts of oleic and Jinoleie acids in 
the form of olive and corn oils does not appreciably decrease the 
percentage of solid acids in the mucosa phospholipids. 

4. It is suggested that in the enzymic synthesis of phospholipid 
in the mucosa there is a selection of 1 molecule of saturated acid 
for each molecule of unsaturated acid. When elaidic acid is 
absorbed, it is treated both as a solid (saturated) acid and as an 


unsaturated acid. 
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OSMOTIC PRESSURE, MOLECULAR WEIGHT, AND 
STABILITY OF SERUM GLOBULIN* 


By NORVAL F. BURK 


(From the Laboratory of Physiology, Yale University School of Medictne, 
New Haven) 


(Received for publication, July 14, 1937) 


The discrepancies in the estimates of the molecular weight of 
serum globulin as reported in the literature (Sérensen (1) 80,000 to 
140,000; Svedberg and Sjégren (2) 103,800; von Mutzenbecher 
(3) 138,000; Roche and Bracco (4) 160,000; and Adair and Robin- 
son (5) 175,000) and the general uncertainties regarding the 
stability of this protein are such as to make further investigation 
desirable. 

Serum globulin has been regarded by Seérensen (6) as a protein 
made up, to a considerable degree, of a reversibly dissociable 
system of components. Svedberg and Sjégren found, from ultra- 
centrifugal studies, that serum globulin is liable to disintegrate 
under certain experimental conditions, as, for example, in partial 
precipitation by ammonium sulfate. On the other hand, Adair 
and Robinson found the relationship between the osmotic pressure 
and the protein concentration in dilute buffer solution to be like 
that of other proteins, and obtained no evidence in favor of its 
dissociation or decomposition under the experimental conditions 
they employed. 

Previously reported osmotic studies by Burk and Greenberg 
(7) showed that urea solutions have a powerful disintegrative 
action on certain proteins, splitting them apart into definite units 
of lower molecular weight. Investigations upon serum globulin 
in urea solution would therefore furnish more definite means of 
testing the inherent stability or instability of this protein. 


* The experiments reported in this paper were done in 1931-33. I am 
indebted to Dr. David I. Hitchcock for reading the manuscript of this 
paper and making valuable suggestions. 
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374 Serum Globulin 


Serum globulin is denatured by urea. Comparison of osmotie 
pressure measurements in aqueous salt and urea solutions makes 
it possible to consider whether changes in molecular weight 
accompany the process of denaturation of this protein. 

The present investigation reports osmotic pressure measure- 
ments upon serum globulin in urea solution, in dilute and concen- 
trated salt solutions, and in ammonium sulfate solution, at several 
temperatures and pH values. 


EXPERIMENTAL 


Serum globulin! was prepared by the rapid procedure used by 
Svedberg and Sjégren (2). The final sodium chloride solution was 
dialyzed in collodion sacks with stirring, against 0.2 mM phosphate 
buffer solution (KH,PO.-K2HPO,) at pH 5.5 until the outer solu- 
tion showed no test for chloride or sulfate ions. Serum globulin 
in acetate buffer solutions was prepared from the serum globulin 
in phosphate buffer by dialyzing the latter against 0.2 M sodium 
acetate buffer at pH 5.5 until the outer solutions showed no test 
for phosphate ions. All processes of filtration and dialysis were 
carried out in a cold room at about 1°. Toluene was used as a 
preservative. It was removed from the solutions just before 
their use in osmotic experiments by passing hydrogen gas into 
them. In preserving the stock solutions of serum globulin, 
toluene was not allowed to come in direct contact with them, but 
was contained in a test-tube which was immersed in the protein 
solution, the containing flask being stoppered. By eliminating 
the interface between toluene and the serum globulin solution, 
denaturation or coagulation of the protein which takes place 
slowly at such an interface was avoided. No unpleasant odor was 
noted in the solutions preserved in this manner, even after a year 
ett". 

The osmotic pressure measurements were carried out by the 
method used in previous work (7-9). Tests for protein in the 
outside solutions were negative, or indicated less than 1:10,000, a 
negligible amount. 

The concentration of protein in the solutions used was deter- 


11 am indebted to Dr. Edward F. Roberts of the Lederle Laboratories, 
New York, for his kindness in supplying the serum used in this work. 
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mined colorimetrically with the phenol reagent of Folin and 
Cjocalteu (10), by the procedure of Greenberg (11) slightly modi- 
| fied. Protein standards were used in the colorimetric comparison. 
| Two standards of serum globulin in urea solution, prepared 8 
months apart, agreed in the colorimetric comparison to within | 


per cent. 

| 
| 
x | 
0° 
| 

4 6 8 
CONCENTRATION 


Fic. 1. Relation between the osmotic pressure and concentration of 
serum globulin under various experimental conditions near the isoelectric 
point. Solvents, 6.66 m urea, 0.05 mM in acetate or phosphate buffer (urea), 
and 0.2 m phosphate buffer at pH 5.5 (aqueous). 


The osmotic pressures were corrected for capillary rise which 
was determined in 1 per cent serum globulin solutions; this cor- 
| rection was influenced but little by the concentration of protein. 
In making the readings of the manometer heights, parallax 
was avoided by placing the manometers against a long mirror, 
vertically supported, and by aligning the eye with the meniscus 
: anditsimage. The heights were measured with a mm. scale. 
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Other details of experimental procedure not reported here will 
be found in previous papers (7-9). 

Osmotic Pressure and Molecular Weight of Serum Globulin in 
Dilute Salt Solutions at 0°—-The osmotic pressures of solutions of 


serum globulin of increasing protein concentration were measured 


at the isoelectric point of the protein at pH 5.5 in 0.2 m phosphate 
buffer at 0°. <A plot of P against C (Fig. 1) shows that over the 


38 UREA pH 57 
pH 6.3 
° 
e 
is 
125 4 6 8 
CONCENTRATION 


Fia. 2. Relation between the osmotic pressure per unit of concentration 
and the concentration of serum globulin under various experimental 
conditions near the isoelectric point. Approximate constancy of the value 
for the osmotic pressure concentration ratio with respect to variations in 
experimental conditions is shown at infinite dilution, where no deviations 
from the ideal solution law occur. Solvents, 6.66 m urea, 0.05 o in acetate or 
phosphate buffer (urea); and 0.2 m phosphate buffer at pH 5.5 (aqueous). 


concentration range studied the osmotic pressure is not. propor- 
tional to the protein concentration which has been expressed in 
gm. per 100 cc. of solvent but increases more rapidly than cor- 
responds to the increase in protein concentration. The solutions 
are, therefore, not ideal and the measurements were extrapolated 
to infinite dilution by plotting P/C against C and drawing the 
best straight line through the points (the lower curve in Fig. 2). 
The results may be represented within 3 per cent by Equation 1: 
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where P = osmotic pressure in cm. of H,O of density 1 
C = gm. of dry protein per 100 cc. of solvent 
RT = 2.315 X 10° at 0°, 2.528 & 105 at 25°, or 2.568 & 10° at 30° (100 ce. 
< em. of H.O per gm. molecule) 
molecular weight in gm. of dry protein 
a constant, equal to the slope of the line obtained by plotting 
P/C against C 


M 
B 


Equation | has been derived (8) by combining an empirical 
linear relation such as that of Fig. 2 with the van’t Hoff-Morse 
law for dilute solutions. The latter is assumed to hold for a cor- 
rected concentration, Co, given by 


Co = (2) 


or for the product of the actual concentration and an osmotic 
coefficient, g, which is Co/C, or 


P— BC 


g (3) 


Values of .V calculated at each protein concentration from the 
equation, M@ = RTCo/P = RTC/(P — BC*), are given in the last 
column of Table I. The average molecular weight of serum 
globulin in this dilute aqueous buffer solution at 0° is 173,000. 
This value agrees fairly well with that reported by Adair and 
Robinson (175,000) from osmotic pressure measurements under 
similar experimental conditions. 

Osmotic Pressure and Molecular Weight at 25°—The above 
figure for the molecular weight of serum globulin at 0° is some 70 
per cent greater than that estimated by Svedberg and Sjégren 
from measurements in the ultracentrifuge at 25°. 

Svedberg and Sjégren have indicated (2) that serum globulin 
is a rather unstable protein, easily decomposed under certain 
conditions into products of low molecular weight. Since most 
decomposition reactions are accelerated by increase in tempera- 
ture, it appeared not unlikely that the discrepancy between the 
value for the molecular weight obtained from osmotic pressure 
measurements and that derived from ultracentrifugal measure- 
ments might be explained on the basis of the instability of the 
protein at a temperature of 25°. A few osmotic pressure experi- 


dé 
3 
4 
ug 
$4 
» 
2 


378 Serum Globulin 


ments? were therefore carried out on our preparation of serum 
globulin purified by the procedure of Svedberg and Sjogren at the 
temperature of their experiments. 


TABLE I 
Molecular Weight of Serum Globulin from Measurements of Its Osmotic 
Pressure in Dilute Aqueous Salt Solution at 0° and 25° 
Solvent, 0.2 m phosphate buffer (0.19 Mm in KH,PO, and 0.009 m in 
K.HPO,); pH 5.5. 


Co* 


pressure coefficient tion per 100 Co weight 
| ec. solvent 
(a) Solution at 0° 

gm, em. gm. 

2.57 3.64 1 06 2.72 1.34 173 ,000 

7 3.24 4 71 1 07 3.48 1.35 171 ,000 

6 3.25 4 63 1.08 3.50 | 175 ,000 

2 3.62 5 14 1.09 3.93 1.31 177 ,000 
12t 3.85 5 60 1.09 4.19 | de 174 ,000 
3 4.80 111 5 34 1.33 174 ,000 

4 5.77 8 7 1.13 6 54 1.34 173 ,000 
10 6 59 10 24 1.15 7.59 1. 35 171,000 
11 6.76 10.52 1.15 7.81 1.35 171,000 
5 6 78 10 38 1.16 7.86 1.32 175 ,000 

(b) Solution at 25° 

32 3.72 6.00 1.13 4.21 1 42 178 ,000 
33 6 47 11.16 1 24 7.80 1 40 181 ,000 
34 7.12 12.89 1.25 § 90 1.45 174 ,000 


* Calculated from the equation, Co = PC/(P — BC*), where, from Fig. 2, 
B = 0.031 for solution at 0° and 0.0509 at 25°. 

+t This solution had been stored at about 1° for 10 months. 

2 In these experiments, chloroform was used as a preservative. It was 
placed in the outer solutions and its vapor allowed to saturate the inner 
solutions. Chloroform placed in direct contact with serum globulin 
solutions causes after a time some precipitation of the protein at the inter- 
face. No precipitation in the osmotic solutions occurred when that anti- 
septic was used as described, and no odor other than that of chloroform was 
detectable in the protein solutions at the end of the experiments. 
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The data are shown plotted in Fig. 2, where it is seen that the 
osmotic pressure curve falls in a normal manner, slightly above 
the curve at 0°, and that the relation of the osmotie pressure to 
the protein concentration likewise is similar to that exhibited at 
the lower temperature. The constant, B, however, derived from 
these measurements is slightly greater than that at 0° (see 
Table I); hence the deviation of the pressure from the ideal 
solution law (for which B = 0) increases in dilute salt solution 
with increase of temperature. 

The mean value obtained for the molecular weight at 25° is 
178,000 (Table I). As this value is close to that for the protein a 
0°, it indicates the stability of the purified protein toward moderate 
changes of temperature. 

Osmotic Pressure and Molecular Weight in Concentrated Salt 
Solution—There is some question as to the stability of serum 
globulin in concentrated salt solutions. Svedberg and Sjégren (2) 
state that a rapid decomposition of the protein takes place when 
serum globulin is fractionated by means of a concentrated salt 
solution such as ammonium sulfate. They found that the more 
the protein was treated with ammonium sulfate the greater was 
the decomposition. Since ammonium sulfate hydrolyzes in solu- 
tion to yield hydrogen ions, effects attributed to this substance 
as a salt may be the result of its acidity. The fact that some 
investigators have preferred to use neutralized ammonium sulfate 
(12) in the preparation of this protein, indicates the importance of 
H+, but on account of the alkalinity of serum it is doubtful whether 
hydrogen ion effects would come in during the first one or two 
precipitations. 

When the osmotic pressure of serum globulin and its fractions 
were measured in ammonium sulfate solutions by Sorensen, a 
rather wide range of variation in pressure was observed, his 
molecular weight estimates varying from 80,000 to 140,000. 
Sgrensen’s measurements on this protein were made at pH 4.8 to 
4.9, a hydrogen ion activity which is considerably more acid than 
its reported isoelectric point (13) at pH 5.5. 

Therefore in order to avoid the complicating effects of acidity 
in using such a salt as ammonium sulfate for solutions in which to 
study the stability of the protein, a concentrated (1 m) phosphate 
buffer solution was employed at a pH value close to the isoelectric 
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point’ of the protein. ‘The results of the measurements of the 
osmotic pressure with respect to increasing protein concentration 
are summarized in Table Il. Comparison of the data in Table 
II with those in Table I, (a), shows that the osmotic pressure in 
concentrated phosphate solution is practically identical with the 
pressure in the dilute phosphate solution over the entire range of 
protein concentration studied. 

The mean value obtained for the molecular weight in the con- 
centrated salt solution is 172,000 (Table II). It is thus apparent 
that when serum globulin is studied in isoelectric solutions of 


TaBLe II 
Molecular Weight of Serum Globulin from Measurements of Its Osmotic 
Pressure in Concentrated Salt Solution 
Solvent, 1 mM phosphate buffer (0.954 m in NaH.PO, and 0.0454 in 
K,HPO,); pH 5.8; temperature 0°. 


P | | P | M 
xperiment Concentra- Osmoti O ti | Correct | - Molecul 
96 1.14 1.55 1.33 174 ,000 
97 2.15 | 3.04 ine. 3 Oe 1.36 170 ,000 
98 3.43 | 4.88 1.33 174 ,000 
93 4.59 | 6.76 1.09 | 5.00 | 1.35 171 ,000 
95 | 6.8 | 1.32 1.14 | 7.78 | 1. 33 174 ,000 
| 114 | 8.02 | 1.35 | 171,000 


* Calculated from the equation, Co = PC/(P — BC*), where, from Fig. 2, 
B = 0.0266. 


different salt contents, no variation in the mean molecular weight 
takes place, and hence it may be assumed that when the salt 
concentration in serum globulin solutions is changed, no disturb- 
ance of an equilibrium of any kind involving a change in the total 
number of molecules present takes place. 


’The work of Smith (14) has shown the isoelectric point of a protein 
(egg albumin) to vary in salt solutions with the concentration and nature 
of the ions of the salt. In her work, the effect of sulfate or phosphate ions 
was not studied. However, Sérensen, Linderstr@ém-Lang, and Lund (15) 
found the isoionic point of egg albumin to vary only from pH 4.84 to 4.76 
when the ammonium sulfate concentration in the solution was changed 
from 0.06 to 4.12 N. 
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Quite different, however, is the behavior of serum globulin in 
the presence of salts in solutions somewhat acid to the isoelectric 
point. Experiments under these conditions are described later on 
in this paper. 

Osmotic Pressure and Molecular Weight in Urea Solution—-Three 
series of osmotic pressure measurements with respect to increasing 
protein concentration were made: one at 0°, at the isoelectric 
point of serum globulin in urea solution; one at 0° at pH 5.7, a 
reaction slightly acid to the isoelectric point; and the third at 30° 
in the region of the isoelectric point. The isoelectric point of 
serum globulin in urea solution at 0° was determined osmotically 
and found to be at pH 6.3 (Fig. 3). 

The urea solutions were prepared from the stock aqueous buffer 
solutions and were kept at least 10 days at about 1° before the 
measurements of the osmotic pressure were made. This pro- 
cedure was followed in order to allow sufficient time for the native 
globulin to be completely transformed into the denatured state. 
While the time required for this conversion is not accurately 
known, Hopkins (16) has found that egg albumin at 0° is 90 per 
cent denatured by urea in 3 days, but the serum proteins, it 
appears from his work, require a longer time. 

Denaturation of serum globulin by the urea solutions employed 
in this work was demonstrated in two ways. (1) By a decrease in 
solubility: A 5 per cent solution of isoelectric serum globulin in 
buffered 6.66 mM urea is prepared and immediately afterward a 
portion diluted 10-fold with water. No precipitation takes place. 
The stock solution is allowed to stand in the cold for a day or so, 
in order to allow time for possible denaturation to occur. Dilu- 
tion of this solution with water now causes the protein to be 
precipitated, showing an alteration in its solubility. (2) By an 
increase in the number of S—-S groups in serum globulin after 
dissolution in urea solution. This is shown by means of the usual 
sodium cyanide-nitroprusside test (17) or the sodium sulfite- 
phosphotungstie acid test (18) both of which give a color reaction 
in the urea solution of serum globulin, but not in aqueous buffer 
solution. 

The results of the three series of measurements are represented 
in Fig. 1, where P is plotted against C, and show that the osmotic 
pressure in urea solution, similar to that in salt solution, increases 
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more than is proportional to increases in the concentration. The 
deviation from proportionality, however, is of much greater 
magnitude in the urea solutions, as indicated by the marked 


0° | 
32 
C=23 
e 
+ rT) 63 


pH 


Fic. 3. Influence of the hydrogen ion activity on the osmotic pressure of 
serum globulin in urea solution. Location of the hydrogen ion activity at 
which the osmotic pressure is a minimum, pH 6.3 at O° (isoelectric point). 
Solvent, 6.66 M urea, 0.05 M in acetate or phosphate buffer. Protein con- 
centration, 2.2 to 2.5 gm. per 100 ec. of solvent at 0° and 5.2 to 5.6 at 30°. 
The ordinates have been corrected to correspond to P/C values at con- 
centrations of 2.3 and 5.4. 


curvature of the pressure-concentration curves in this solvent. 
The curves of Fig. 1 become straight lines when the data are 
plotted as in Fig. 2, in which the ratio of the pressure to the serum 
globulin concentration is the ordinate and the concentration, the 
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abscissa.* These straight lines, representing the osmotic pressure 
of serum globulin in urea solution under different experimental 
conditions, very nearly coincide when extrapolated to infinite 
dilution (zero concentration) with themselves and with the 
straight lines representing the pressure of the protein in aqueous 
salt solution (with due allowance for temperature differences). 
Therefore it must follow with certainty that in very dilute solu- 
tions, or more exactly in infinitely dilute solution, the molecular 
weight of serum globulin remains constant with respect to such 
variations in salt, urea, and H* concentrations and in temperature 
as were studied. 

This constancy of molecular weight also appears true at the 
measured concentrations of serum globulin. The molecular 
weight of the protein in the urea solutions at the measured concen- 
trations (Table III) was calculated as in salt solution, by correc- 
tion of data for deviations from the ideal solution law by means of 
Equation 2, and then applying RTCo/P for the calculation of 
M. The mean values are 173,000 in isoelectric urea solutions at 
0°, 173,000 in urea solutions slightly acid to the isoelectric point 
at 0°, and 178,000 at 30° in urea solutions in the region of the iso- 
electric point. These calculations (Table III) show the molecular 
weight of serum globulin to be constant with regard to increasing 
protein concentration in urea solution, if it is assumed that the 
high osmotic pressures produced in urea solution at the higher 
protein concentrations are a result of deviations from the ideal 
solution law. The fact that deviations of this same general type 
have been noted at high concentrations for the osmotic pressure 
of sugar solutions (19) would favor the correctness of this assump- 
tion. Explanation of the large increase in the P/C values with 
increase of protein concentration in urea solution by assuming a 


‘For the measurements in urea solution, this method of plotting (P/C 
against (’) was found to give better approximations to straight lines than 
other methods tried by us. In the case of the dilute aqueous buffer solu- 
tions, the percentage change in concentration over the range of concentra- 
tion studied is less than it is in the urea solutions and it is not possible to 
decide whether the points are more linear when P/C is plotted against C 
than when ('/P is plotted against C. When straight lines are drawn through 
the points in both methods of plotting, the P/C values obtained at 0 con- 
centration vield molecular weight values which differ by less than 2 per 
cent, which is within experimental error. 
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TABLE III 


Molecular Weight of Serum Globulin from Measurements of Its Osmotic 
Pressure in Urea Solutions 


| 9 P | M 
tion per 100 | Osmotic | Osmotic Molecular 
ec. solvent pressure | coefficient | | weight 


(a) Solutions at isoelectric pH. Solvent, 6.66 m urea, 0.05 m in 
acetat2 buffer; pH 6.3; temperature 0° 


gm. cm. | | | 

37 0.59 1.33 174,000 | 
40 1.63 3.65 1.66 2.70 1.35 171,000 
41 2.06 5.07 | 1.84 3.79 1.34 173 ,000 
42 2.82 8.11 | 2.15 6.06 1.34 173 ,000 


(b) Solutions acid to isoelectric point. Solvent, 6.66 m urea, 0.05 m in 
phosphate buffer; pH 5.7; temperature 0° 


: 2 | o51 | o88 | 1.22 | 0.62 | 1.34 | 178,000 
3.17 | 1.35 | 171,000 
266000 2.17 5.78 1.30 | 178,000 
‘ 16 | 5.28 | 23.93 | 2.99 | 15.81 1.51 | 153,000t 
[ (c) Solutions at 30°. Solvent, 6.66 m urea, 0.05 m in phosphate buffer; pH 6.5 
: 0s | o97 | 160 | 1.16 | 1.13 | 1.42 | 181,000 
| 1.16 | 1.47 | 175,000 
: 21 1.64 2.99 | 1.27 | 2.09 | 1.43 | 180,000 
3.19 1.28 2.19 1.46 176,000 

22 | 2.80 5.08 143 | 3.54 1.42 181,000 | 

| | | 19 | | 18 

20 5.08 | 13.40 , 1.85 | 9.41 | 1.42 | 181,000 ! 

23 | 5.25 | 4.45 | 1.84 | 9.65 | 1.50 | 171,00 | 

178,000, | 


B = 0.545 for (a); 0.572 for (6); 0.239 for (c). 


* Calculated from the equation, Co = PC/(P — BC), — from Fig. 2, | 
t This value was not used in calculating the mean. 
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deaggregation of serum globulin aggregates would not be consist- 


ent with a colloidal behavior, since, as is well known, increasing 


the concentration of a colloid favors the formation of aggregates, 
which in these experiments would lead to decreasing P/C values. 

On the other hand, there is the possibility of a reversible disso- 
ciation of serum globulin into components of molecular weight 


-4,3,4, or § that of the normal molecule, a possibility which is in 


accord with the recent views of Svedberg (20) and with those of 
Sgrensen (6), as elaborated by Vickery (21), that such components 
are held together by means of secondary valence forces emanating 
from CO and NH groups. If it is assumed that the protein disso- 
ciates into submultiple units as the protein concentration is 
increased, then a break or plateau in the osmotic pressure curves 
might be expected to be apparent at a point representing complete 
dissociation into one of such submultiple units. In the osmotic 
pressure curve at pH 5.7° (Fig. 2), no such break or plateau 
appears, corresponding to P/C values of 2 X 1.33 = 2.66 or 
3 X 1.33 = 3.99, where 1.33 is the P/C value at infinite dilution. 
A study of the osmotic pressure over a higher range of concentra- 
tion than that reported would be required for consideration of the 
submultiples { or 4. Svedberg, however, has found no proteins 
in which dissociation takes place into molecules whose molecular 
weights are } or ? the weight of the original molecule. On the 
whole, then, it would appear that when serum globulin is in solu- 
tion at the isoelectric point, in solvents in which it is highly 
soluble, it shows no tendency to dissociate when the solutions are 
diluted or concentrated. 

The fact that the molecular weight of serum globulin is un- 
changed by urea shows it to have a relatively greater stability 
than certain other proteins; namely, hemoglobin, myogen, aman- 
din, and excelsin, whose molecular weights are reduced by urea to a 
value in the vicinity of 34,500 (7, 9). A possible reason for the 
relatively greater stability of serum globulin, involving a consider- 
ation of the sulfur linkages in the protein molecule, has been given 
in @ previous paper (9). 

Osmotic Pressure and Temperature—The van’t Hoff equation 
for osmotic pressure shows that this should be proportional to the 


‘The P/C value at C = 5.28 is not plotted in Fig. 3 because of its magni- 
tude, but can be obtained from Table III, (5). 
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absolute temperature. The measurements of serum globulin 
conform to this proportionality fairly well, if the comparison js 
made in very dilute solutions, or more exactly in infinitely dilute 
solutions, for which concentration regions the van’t Hoff equation 
was derived. This is shown by the data tabulated below, where 
the observed P/C values at C = 0 obtained by extrapolation are 
compared with the calculated P/C values obtained from the rela- 
tion P/C = RT/173,000. 


| P Pp 
Solvent Temperature | C/)s 
observed calculated 
Aqueous buffer solution....... A 0 1.33 1.34 
Urea solution. . 30 1.45 | 1.48 


This proportionality should not necessarily exist for solutions 
having an appreciable heat of dilution, or for solutions in which 
deviation from the ideal solution law is characterized by a pressure 
which is not proportional to the concentration. This becomes 
evident from the equation given by Hiickel (22) for the osmotic 
pressure in non-ideal solutions, which is 


RTgC 
(4) 

Here g is the variable osmotic coefficient introduced simply as a 
means of taking into account the intermolecular attractive and 
repulsive forces between the molecules. In non-ideal solutions, 
therefore, the osmotic pressure at a given concentration is not 
proportional to the absolute temperature but to the product gT. 
Now since g, which is equal to 1 at infinite dilution, is thermo- 
dynamically related to the activity coefficient, which in turn is 
known either to increase or decrease with temperature or concen- 
tration, it follows that in non-ideal solutions the osmotic pressure 
can vary directly or conversely with the temperature. 

This is borne out by the experiments on serum globulin. Fig. 2 
shows that for the urea solutions at 0° and 30° the osmotic pres- 
sure (per unit of concentration) increases with rise of temperature 


) 
a 
| 
| 
i i 
i 
| 
| 
| 
| 
i 
i 
i 
bog 
| 
| 
| 
| 
— 
= 
i 
> 
4 


on 


N. F. Burk 387 


when the solutions are very dilute, but decreases with rise of 
temperature when the solutions are more concentrated. This 
naturally follows from the condition that the osmotic coefficients 
(Table III) are greater, over the range of concentration studied, 
at 0° than those at 30°, but are of the same value (unity) at C = 0. 
Hence the osmotic pressure-concentration curves of serum globulin 
in urea solution at two widely different temperatures must cross 
at some protein concentration depending upon the magnitude of 
the differences in the osmotic coefficients. For the urea solutions 
at 0° and 30° the change from a positive to a negative temperature 
coefficient of osmotic pressure occurs at a very low concentration, 
about C = 0.25. 

In the salt solutions at 0° and 25° the deviation of the osmotic 
pressure from proportionality to concentration is much less than 
that in the urea solutions and so too is the deviation of the osmotic 
pressure from proportionality to temperature. In these solutions, 
the osmotic pressure coefficients, over the range of concentration 
studied (Tables I and II), are less at 0° than those at 25° and hence 
the osmotic pressure increases to an extent that is more than 
proportional to the increase in absolute temperature. 

On the other hand, aqueous solutions of proteins are known, 
which, like the urea solutions of serum globulin, show a marked 
deviation of pressure from proportionality to the concentration 
and in a similar manner produce a pressure which deviates mark- 
edly from proportionality to the temperature. For example, the 
osmotic pressure concentration curves of gelatin in water are 
highly coneave to the concentration axis in comparison to those 
of other proteins in aqueous solution, and Northrop and Kunitz 
(23) find that this protein, at concentrations greater than 10 per 
cent, produces a higher pressure at 30° than at 50°. Gelatin 
solutions, as shown by Katz (24), have high heats of solution 
(dilution) at high concentrations of gel. 

It is possible that the changes which the osmotic coefficients 
undergo with respect to variations in temperature and composi- 
tion are related in part to changes in the dielectric constant of the 
solutions. Since the dielectric constant enters into the activity 
coefficient equation, it must also affect the osmotic coefficient. 
It is known that the dielectric constant of a solvent (water) is 
increased by the addition of urea (25) and that, from theory, by 
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the Mosotti equation (26) the dielectric constants of solutions in 
general increase with decrease of temperature, a relation which 
has received experimental verification in the case of urea solutions 
(25) and certain protein solutions (27). On the basis of this 
knowledge, the increased osmotic pressure of serum globulin at 
30° in the presence of urea may be due to the fact that the dieleec- 
tric constant of the solution is increased; and if the urea solutions 
are now cooled to 0°, the further increase may correspond to the 
effect of temperature upon the dielectric constant. ‘This reason- 
ing cannot be applied at present to the salt solutions in relation to 
temperature changes, since the dielectric behavior of solutions 
predominantly electrolytic in character is not very well known, 

Osmotic Pressure and Molecular Weight in Salt Solutions Acid to 
Isoelectric Point—In view of the fact that the globulins as a class 
are especially sensitive to denaturation by acids (28, 29) and that 
high concentrations of urea are not generally met with in nature, 
it seemed desirable to obtain information upon the state of serum 
globulin in solutions in which it is susceptible to denaturation by 
agents other than urea. It is well known that certain salts, as 
well as acids, have a denaturing influence on proteins (30, 31), 
some salts being more efficient in this respect than others. For 
example, 0.5 m sodium salicylate was found by Anson and Mirsky 
(30) to denature hemoglobin completely, but lower concentrations 
produced an equilibrium mixture of native and denatured hemo- 
globin. Although Anson and Mirsky did not demonstrate the 
existence of a condition of equilibrium between the two forms of 
hemoglobin at low concentrations of acids, such an equilibrium is 
possible by analogy. The denaturation of serum globulin at pH 


_ values acid to the isoelectric point has not as yet been system- 


atically studied, but Heidelberger and coworkers (32, 33) found 
that thyroglobulin, a protein which can also be separated into 
pseudoglobulin and euglobulin fractions (34), was rapidly dena- 
tured in acetate buffers below pH 4.8. 

Two series of osmotic pressure measurements with respect to 
increasing protein concentration were carried out, one in 1 N 
ammonium sulfate and one in 1 N phosphate buffer, both at pH 
values intermediate between that of 0.1 N acid, at which complete 
denaturation of serum globulin presumably takes place, and that 
of the isoelectric point, at which pH the protein is in the native 


| 
i i 
| 
| 
| 
| 
| | 
| 
| | 
| 
| 
bg 
| 
§ 
] 


N. F. Burk 389 


state. ‘The results are shown in Fig. 4. In both salt solutions 
at pH 3.9 and 4.2, the P/C values over the range of concentration 
studied are much lower than the lowest P/C value at tafinite 
dilution of the protein in isoelectric solution. Extrapolation of 
the measurements to O protein concentration (Fig. 4) yields 
osmotic pressures of 0.76 and 0.60 cm. of H,O per unit of protein 
concentration, corresponding to the mean molecular weight values 


1N PHOSPHATE 


Fic. 4. Relation between the osmotic pressure per unit of concentration 
and the concentration of serum globulin, in salt solutions acid to the iso- 
electric point. At infinite dilution, a variable value for the osmotic pres- 
sure-concentration ratio is shown for the two solutions of different com- 
position. Solvents, 1 nN (NH,),:SO,, containing 0.1 N phosphate buffer, at 
pH 4.2; and 1 n phosphate buffer at pH 3.9. 


of 305,000 in 1 N phosphate solution at pH 3.9 and 386,000 in 1 N 
ammonium sulfate at pH 4.3. 

Thus the mean molecular weight of serum globulin is variable 
in salt solutions acid to the isoelectric point where the protein is 
susceptible to a partial denaturation. The fact that these figures 
are considerably higher than that of the protein in isoelectric 
solution and vary with experimental conditions strongly suggests 
that in salt solutions acid to the isoelectric point there are present 
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aggregates® of serum globulin molecules. The fact that the mean 
value for the molecular weight in the acid phosphate buffer solu- 
tions is less than 2 & 173,000 would indicate that only part of the 
molecules in these solutions are aggregated. ‘This is best explained 
by assuming that denatured molecules to some extent are present 
in such solutions, and that these, because of a lower solubility, are 
the ones which are aggregating. Solutions containing aggregated 
molecules would be expected to be less constant in their properties 
than those containing invariable molecules. On the other hand, 
in 6.66 mM urea solution, in which denatured serum globulin is 
highly soluble, the formation of aggregates was not observed, and 
the mean molecular weight of the protein was found to be fairly 
constant under varied experimental conditions. Since low solu- 
bility in a given solvent is the chief determining factor in regard 
to aggregate formation, it follows that associated molecules form 
in the acid-salt solutions because the denatured protein 1s present 
in a solvent in which it is not highly soluble. 

Since denatured proteins have lower solubilities than native 
proteins, and since ammonium sulfate with its bivalent ion appears 
to be a better precipitant of globulins than univalent salts (29), it 
is reasonable to find the extent of aggregation in the ammonium 
sulfate solutions greater than in the phosphate solutions. 

Other instances of this type of behavior are known. For exam- 
ple, native erystalline pepsin was found by Philpot and Eriksson- 
Quensel (36) to behave in the ultracentrifuge as a homogeneous 
substance of molecular weight 35,000 at a pH not far from the 
isoelectric point. At pH 11 pepsin is completely denatured and 
the denatured protein is quite soluble at this alkalinity. Sedi- 


6 Comparison of the results of our experiments with those obtained in 
the ultracentrifuge (35) at reactions acid to the isoelectric point indicate 
that aggregates of serum globulin form in concentrated salt solutions at 
pH values closer to the isoelectric point than they do in dilute salt or 
buffer solutions. Svedberg and Sjégren found evidence of aggregate 
formation, as indicated by increase of sedimentation constant, only in 
dilute buffer solutions which were more acid than pH 4. The so called pH 
stability region of a protein is therefore very probably affected by the salt 
content of the solution. At very high salt concentrations, such as were 
employed by S¢rensen in certain of his experiments upon serum globulin, 
such aggregate formation might conceivably take place at reactions but 
only slightly acid to the isoelectric point. 
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mentation of completely denatured pepsin at pH 11 (37) showed 
that the protein was still strictly homogeneous and had a molecular 
weight very probably the same as the native protein. However, 
when the alkaline solutions containing the completely denatured 
pepsin were neutralized to beyond pH 5.4, which was the optimum 
pH found by Northrop (38) for reactivation, or for reversal of the 
denaturation, it was found that these solutions, which were now a 
mixture of the native and denatured forms, were inhomogeneous, 
and contained molecules having a sedimentation constant 4 times 
that of normal pepsin. At pH 3.8 just before precipitation of the 
denatured protein took place, aggregates having much _ higher 
sedimentation constants were found. When alkaline solutions 
of denatured pepsin were partially neutralized to a pH below 6, 
up to 10 per cent of the pepsin became active or native pepsin 
(36, 38). 

These experiments, which give more direct evidence of aggre- 
gate formation, again show that, while completely native protein 
or completely denatured protein may have the same molecular 
weight when dissolved separately in solvents in which they are 
fairly soluble, yet when they are together in the same solution 
under certain conditions, aggregates will form. Hence the mean 
molecular weight of the protein material will be higher in a solu- 
tion containing a mixture of the native and denatured forms than 
it is in a solution containing each form separately. 

In order to obtain further information in regard to the aggre- 
gation of denatured protein molecules in solvents in which they 
are not highly soluble, a few experiments’ were carried out upon 
serum albumin, a protein for which simpler solutions could be 
employed and in which the presence of denatured protein could be 
more clearly demonstrated. Denatured serum albumin is insol- 
uble in either water or salt solution at the isoelectric point. It 
is, however, soluble to some extent at this reaction in salt solutions 
of the native protein. 

A 7.5 per cent solution of crystalline serum albumin, which had 
been freed from electrolytes by dialysis and subsequent electro- 
dialysis, was heated in a water bath at 70° for 1 to 2 minutes. 
That part of the protein which was denatured during this time 
precipitated. It was completely dissolved in the surrounding 


7 These experiments were completed in connection with earlier work (8). 
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solution of native protein by addition of acetate buffer at pH 4.8 
at a concentration of 0.05 m. The solution so obtained (Solution 
A) gave a positive test with sodium cyanide-nitroprusside, show- 
ing the presence of S—S groups, and therefore of denatured 
protein (cf. (39)). The osmotic pressure of this solution, which 
was perfectly clear, was measured at 0°. The data obtained are 
summarized in Table IV. For comparison, the osmotic pressure 


TABLE IV 
Comparison of the Mean Molecular Weight of Serum Albumin in Solution 
Containing Mixture of Native and Denatured Serum Albumin with 
That of Serum Albumin in Solution Containing Only Native 
Serum Albumin and That in Solution Containing Only 
Denatured Serum Albumin 


Solution A. Partial denaturation by heat. Solvent, 0.05 M acetate 


buffer, pH 4.8. 

Solution B. Complete denaturation by heat. Solvent, 6.66 M urea, 
0.05 mM acetate buffer, pH 5.8. 

Solution C. Complete denaturation by urea. Solvent, 6.66 M urea, 
0.05 m acetate buffer, pH 5.8. 

Solution D. Native serum albumin. Solvent, 0.05 m acetate buffer, . 


pH 4.8. 


| C 
| | gm. | em. HO | | gm. 
B 1.05* $29 | 3.13f | 73,60 
C 3.18 3.09t 75,000 


* Refers to the corrected concentration. (In aqueous solution no 
correction is necessary (8).) 
+t Refers to P/Co values. 


of a native serum albumin solution and of solutions containing 
serum albumin completely denatured by heat (heated for 30 min- 
utes at 70°) and also by urea (kept in urea solution for 39 days) 
(8) are given also in Table IV. 

It is seen from Table IV that the osmotic pressure of Solution 
A, containing denatured serum albumin just held in solution by 
native protein and acetate buffer, is lower than that of a solution 
of native or completely denatured serum albumin formed by 
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dissolving the protein in solvents in which they are very soluble. 
The extent of the aggregation corresponding to the increase in 
mean molecular weight from 74,000 to 89,000 is not very large in 
view of the fact that the amount of denatured protein present in 
the solution was probably less than 10 per cent of the total serum 
albumin. 

The relative insolubility of denatured serum albumin in the 
native serum albumin solution containing buffer at the isoelectric 
point is shown by the fact that if more denatured serum albumin 
is produced at the expense of the native protein by heating the 
solution for a longer time (5 minutes) the addition of buffer or 
salt at any concentration does not completely dissolve the precipi- 
tated protein. Sufficient amount of native protein must be 
present for solubility. 

A solution similar to Solution A can also be prepared by starting 
with completely denatured serum albumin instead of native pro- 
tein. If a urea solution of serum albumin containing protein 
completely denatured by heat or by urea is dialyzed against dis- 
tilled water, an aqueous solution is now obtained which contains a 
mixture of native and denatured serum albumin. The native 
protein is formed from the denatured protein by virtue of a partial 
reversal of the denaturation (cf. (40)) which takes place during 
the process of dialysis (8). The denatured protein is held in 
solution in part by the native protein obtained by reversion and 
in part by a trace of electrolyte. If all the electrolyte is removed 
from the solution by electrodialysis, the denatured protein present 
is precipitated, and from the supernatant solution crystalline 
serum albumin can be obtained. The precipitate so obtained is 
insoluble at the isoelectric point in salt solution alone. 

These experiments have been mentioned in order that the 
behavior of serum globulin might be better understood. When a 
urea solution of serum globulin is dialyzed against distilled water, 
the precipitated protein, unlike that recovered from a urea solution 
of serum albumin, is found to be completely soluble in salt solu- 
tion or 0.2 m phosphate buffer at the isoelectric point. Such an 
aqueous salt solution of the protein gives a faintly positive test for 
S—S groups with sodium cyanide-nitroprusside, showing the 
presence of denatured serum globulin in the solution. This 
means either that the denatured serum globulin which was in the 
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urea solution has been partially reversed by dialysis to produce a 
mixture of native and denatured serum globulin which is soluble 
in isoelectric salt solution, or that there is no reversal, and that 
the denatured serum globulin precipitated from the urea solution 
is actually soluble in a salt solution, like NaCl, which dissolves 
but does not denature native protein. In either case the experi- 
ments show that serum globulin can be altered by a mild form of 
denaturation to a protein which is still soluble under certain 
conditions in isoelectric salt solution, but which is constitutionally 
different from the native protein. This is believed to be of 
considerable significance, especially in the preparation of pure 
protein, and may explain the variations in the results of various 
investigators who have worked with serum globulin. 

Osmotic Pressure in Ammonium Sulfate Solution—From Fig. 4 
it is seen that in ammonium sulfate solution the osmotic pressure 
of serum globulin is considerably higher than in phosphate buffer 
solution in the range of concentration studied. This results from 
a greater deviation of the pressure in ammonium sulfate from the 
ideal solution law, as Fig. 4 shows. At C = 11.2, the osmotic 
coefficient of serum globulin in 1 N ammonium sulfate solution 
containing phosphate buffer at pH 4.2, calculated from the 
equation, g = 1 + BCM/RT (8) is 2.05. 

It would thus appear that the estimates of the molecular weight 
of serum globulin made by S¢rensen (1) (80,000 to 140,000) from 
his osmotic pressure measurements in moderately concentrated 
ammonium sulfate solutions at this high protein concentration 
(C = 11.2) should be increased by about 105 per cent, since his 
values were calculated by means of the ideal solution law. This 
correction figure (the osmotic coefficient) cannot be applied ex- 
actly, since Sgrensen’s measurements, upon which his molecular 
weight calculations are based, appear to be upon solutions of 
slightly lower ammonium sulfate concentration, and _ slightly 
higher pH. However, applying the correction as a first approxi- 
mation, Sgrensen’s minimal figure becomes 164,000 and his maxi- 
mal figure 288,000, values which are consistent with those ob- 
tained in the present work. Data are not available to decide 
whether the variations in the P/C values of Sgrensen’s serum 
globulins are due to variations in the osmotic coefficients or to 
actual differences in mean molecular weight, brought about by 
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effects contingent upon an acid reaction and high salt concen- 
tration. | 

Osmotic Pressure and Molecular Weight of Fractionated Serum 
Globulin—-A portion of our stock solution of serum globulin was 
fractionated into pseudoglobulin and euglobulin components by 
dialyzing it against distilled water in a cold room at about 1° with 
subsequent electrodialysis at room temperature. It was found 
advantageous to carry out the electrodialysis in collodion bags of 
about 50 cc. capacity placed between crescent-shaped carbon 
electrodes, which were formed from carbon rods, to which were 
applied a 110 volt direct current. The apparatus was set in a 
large beaker and distilled water kept in constant flow. The 
electrodialysis of the solutions required about an hour. After 
separation of the precipitated euglobulin, a portion of the super- 
natant solution was further electrodialyzed. No further precipi- 
tation took place, showing that electrodialysis for 1 hour was 
sufficient for the removal of the euglobulin which remained in 
solution after simple dialysis. 

A few osmotic pressure measurements were carried out on the 
water-soluble pseudoglobulin fraction with respect to variations 
in pH, since the isoelectric point of pseudoglobulin might be 
different from that of total globulin. Acetate and phosphate 
buffers of ionic strength 0.01 were employed to maintain the solu- 
tions at the desired pH values. The results are shown plotted in 
Fig. 5, where it is seen that the curve exhibits a minimum at pH 
5.5. The greater osmotic pressure at reactions acid or alkaline 
to pH 5.5 very probably results from a Donnan membrane equi- 
librium, rather than from a decomposition of the protein (ef. 
Svedberg and Sjégren (2, 35)), since the shape of the osmotic 
pressure-pH curve is similar to those found by Loeb (41) for other 
proteins in which a Donnan membrane equilibrium was proved by 
membrane potential measurements. The osmotic pressure-pH 
curve is also similar in shape to the titration curves obtained by 
Hitchcock (42) upon serum globulin prepared by Robertson’s 
method, again indicating that the increase in osmotic pressure on 
either side of the minimum is due to an ionization of the protein 
rather than to a disintegration. } 

The minimum in osmotic pressure for the pseudoglobulin 
solutions of ionic strength 0.01, at pH 5.5, corresponding to the 
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isoelectric point, is slightly more alkaline than the pH of zero 
mobility, at 5.3, as found by Tiselius (43) from rates of migration 
measurements upon pseudoglobulin in solutions of ionic strength 
0.1 by the moving boundary method. Because of the dependence 
of the isoelectric point upon other ions in the solution besides H+, 
as shown by Smith (14), our measurements in solutions of ionic 
strength 0.01 and those of Tiselius at ionic strength 0.1 are not 
strictly comparable, both values being apparent values for the 
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Fia. 5. The osmotic pressure of pseudoglobulin per unit of protein con- 
centration as a function of pH. Location of the hydrogen ion activity at 
which the osmotic pressure is a minimum, pH 5.5. Solvent, acetate or 
phosphate buffer solution of ionic strength 0.01. Protein concentration, 
3.0 to 3.15 gm. per 100 ec. of solvent. 


isoelectric point. However, Smith found egg albumin (crystal- 


lized by ammonium sulfate) in acetate buffers of ionic strength 


0.01 to have an isoelectric point of pH 4.83 as compared to pH 4.69 
in buffers of ionic strength 0.1. This change of isoelectric point 
with respect to these two ionic strengths as observed for egg 
albumin is of the same order of magnitude as that exhibited by 
pseudoglobulin at these same two ionic strengths. The measure- 
ments by the two methods may therefore be said to be in substan- 
tial agreement. 
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Since the isoelectric point of pseudoglobulin lies close to that of 
serum globulin, the osmotic pressure which is a minimum with 
respect to pH can be used with some confidence in the calculation 
of the molecular weight of pseudoglobulin by assuming that the 
deviation of the pressure from the ideal solution law due to the 
effect of the protein concentration is the same for the fractionated 
as it is for the unfractionated serum globulin. 

From Fig. 2, the P/C value at the isoelectric pH is 1.41 (em. 
of water per unit of concentration). At the concentration of this 
experiment, 3.11, the osmotic coefficient from Table I is 1.07 and 
hence by the Hiickel (22) equation, M = RTqC/P, there is ob- 
tained M = 177,000 for the molecular weight of pseudoglobulin. 
As this value agrees fairly well with that of total serum globulin, 
it would appear that in the fractionation of horse serum globulin 
by dialysis no change in the mean molecular weight of the protein 
in solution takes place. This conclusion is in harmony with 
recent investigations with the ultracentrifuge (44). McFarlane 
states that ‘‘The pseudoglobulin fraction differs in no significant 
details from the original total globulin preparation” and that it 
“does not contain any homogeneous fraction of significantly dif- 
ferent molecular weight ...’’ In this investigation he subjected 
his preparation to electrodialysis for only 1 hour, which is the 
same period in our work. The time of electrodialysis in the ex- 
periments of Svedberg and Sjégren was 36 hours. These workers 
(2, 35) had previously come to the conclusion that pseudoglobulin 
molecules were artifacts, which were derived from serum globulin 
molecules by decomposition; and their estimates of the molecular 
weight of pseudoglobulin ranged from 53,200 to 99,300. Tiselius 
(43), in still more recent work, reports that the sedimentation 
constants of pseudoglobulin and serum globulin are equal, and 
Adair and Robinson (5), from osmotic pressure experiments at 
about pH 7.4, find that total serum globulin, pseudoglobulin, 
and euglobulin prepared from sheep serum have identical molec- 
ular weights within experimental error. The view that pseudo-— 
globulin (and euglobulin) are decomposition products of serum 
globulin is, therefore, not substantiated by the results of our ex- 
periments and those of others. 

Considering pseudoglobulin (and euglobulin) to be educts, 
rather than artifacts, purified serum globulin would thus appear 
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to be made up of at least two proteins, differing very probably in 
chemical constitution, but having essentially the same molecular 
weights; and this is probably also true in blood serum (45). It 
would seem, however, that, under certain conditions favorable to 
denaturation, aggregates may form from the basic globulin 
molecules which have been modified by denaturation, giving rise 
to solutions in which the degree of aggregation is variable. Thus 
Roche and Bracco (4) found that the purified serum globulin 
prepared from normal serum which had been exposed with a 
preservative to a temperature of 37° for 1 to 2 months and that 
prepared from immune serum which had been kept for a period of 
several years (15) had mean molecular weights of 213,000 and 
226,000 respectively. Similarly, Svedberg and Sjégren, exposing 
their material to long periods of electrodialysis, found molecules 
or aggregates of much higher sedimentation constant than were 
present in their homogeneous serum globulin preparations which 
were not electrodialyzed. 

These observations are in accord with those presented here 
upon aggregate formation induced by partial denaturation, 
Since serum globulin can be modified or denatured to a serum 
globulin which is also soluble in salt solutions under certain condi- 
tions, the presence of denatured serum globulin in native serum 
globulin solutions or in serum globulin fractions has not been 
easily detected. However, serum globulin from fresh serum 
prepared rapidly in the cold by the Svedberg and Sjégren pro- 
cedure is probably relatively free from aggregates, since its molecu- 
lar weight in urea solution is the same as it is in aqueous salt 
solution. Urea solutions are well known for their dispersive 
action. Svedberg and Sjégren (2) also found the molecules of 
serum globulin to behave in the ultracentrifuge as if they were 
strictly uniform in size. 

Molecular Weight of Serum Globulin from Diffusion and Sedi- 
mentation Constants—Lamm and Polson’ (46) have recently deter- 
mined the diffusion constants of several well known proteins, 
employing a refractometric method for determining concentration 
gradients. From these diffusion constants and the sedimentation 
constants previously determined by Svedberg and coworkers, they 


* This paper came to our attention after the present communication 
had been prepared. 
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have calculated the molecular weights of seven proteins. The 
values obtained agree well, in most cases, with those determined 
by the sedimentation equilibrium method used in the ultracen- 
trifuge. 

Because of variation in the diffusion constant of serum globulin, 
a value for the molecular weight of this protein was not given in 
their list of proteins. It seemed of interest to make the caleula- 


TABLE V 
Molecular Weight of Serum Globulin from Diffusion and 
Sedimentation Constants 
Protein diffused into a buffer composed of 0.019 M acetic acid, 0.081 Mm 
sodium acetate, and0.2 m NaCl; pH 5.6. 


s X 10'8* 


Du x 10° Du X 10° 
(Lamm and” Corrected diffusion and | Molecular weight 
Polson) Polson ) 
sq. cm. per sec. sq. cm. per sec. gm. 
3.61 3.92 7.1 172 ,000 
3.75 4 07 7.1 166 ,000 
3.76 4 08 165 ,000 
3.70 4 02 ie 168 ,000 
3.62 3.93 7.1 172 ,000 
3.02 3.28 206 ,000 
2.95 3.20 71 211,000 


* Corrected to the basis of diffusion in water at 20°, by Formula 10 (46). 
The value of 7,/n. in Formula 10 for the buffer used was obtained from the 
data in Table VIII (46) by calculating D corrected/D. It is to be noted 
that the same solvent was used in the experiments in Tables VIII and IX 


(46). 
+ Calculated from the equation, M = RTs/D(1 — Vp), where V is the 
partial specific volume of the protein and p, the density of the solvent. 


(For serum globulin, V = 0.745 (2).) 


tions for serum globulin, despite such variation. The molecular 
weight calculated for each of their diffusion constant determina- 
tions is recorded in Table V. A mean value of 180,000 is obtained 
by this procedure for the mean molecular weight of serum globulin. 

These measurements help clear up the discrepancy between the 
molecular weight of serum globulin as determined by the osmotic 
pressure method and that determined by the ultracentrifugal 
method, for which Adair and Robinson could find no explanation. 
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SUMMARY AND CONCLUSIONS 


1. From osmotic pressure measurements, corrected for devia- 
tions from the ideal solution law, the mean molecular weight of 
serum globulin was found to be 173,000, in dilute aqueous iso- 
electric buffer solution at 0°, 178,000 at 25°, and 172,000 in concen- 
trated salt solution at 0°. These values agree fairly well with 
estimates of Adair and Robinson (175,000) but are higher than 
those of Svedberg and Sjogren (103,800). 

2. Measured in urea solution at the isoelectric point, serum 
globulin has the same molecular weight (173,000) as in aqueous 
buffer solution. It shows, therefore, a stability relatively greater 
than certain other proteins, such as hemoglobin, myogen, amandin, 
and excelsin, whose molecular weights are reduced by urea. 
Serum globulin is denatured by urea, and hence the process of 
denaturation of this protein is not accompanied by changes in 
molecular weight. In urea solution, as in isoelectric salt solution, 
the molecular weight remains constant with respect to certain 
variations in experimental conditions. 

3. In concentrated salt solutions acid to the isoelectric point, 
the osmotic pressure was found to be abnormally low, suggesting 
the presence of aggregated serum globulin molecules in these 
solutions. The values for the mean molecular weight in 1 N 
phosphate buffer solution at pH 3.9 and 1 N ammonium sulfate 
solution at pH 4.2 were found to be 305,000 and 386,000, respec- 
tively. In concentrated salt solutions acid to the isoelectric 
point, serum globulin is very probably partially denatured. 

4. In an aqueous isoelectric buffer solution containing a mixture 
of native and denatured protein (serum albumin) the mean 
molecular weight of the solute was found to be higher than that 
in an aqueous isoelectric buffer solution containing only native 
protein, and also higher than that in an isoelectric urea solution 
containing completely denatured protein. This indicates that 
denatured protein molecules aggregate in a solvent in which the 
denatured protein is not very soluble. 

5. It was found that in solutions of ammonium sulfate there is 
considerable deviation of the osmotic pressure of serum globulin 
from the ideal solution law. The magnitude of this deviation at 
high protein concentrations indicated that the lower estimates | 
of the molecular weight of serum globulin (80,000 to 140,000) 


a 
4 
hd 
A 
ef 
| 
Py 
| 
i= 
| 
% 
Be 


N. F. Burk 401 


made by Segrensen and calculated by means of the ideal solution 
law, should be increased by about 105 per cent. 

6. Pseudoglobulin, obtained by fractionating serum globulin 
by dialysis, was found to have a mean molecular weight of 177,000, 
the same as total globulin. The view-point that pseudoglobulin 
isa laboratory artifact or decomposition product of serum globulin 
is therefore not substantiated. 

7. It is concluded that the proteins in serum globulin are fairly 
stable, especially towards dissociative changes. 
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THE RELATION OF CYSTINE AND METHIONINE 
TO GROWTH* 


By MADELYN WOMACK, KENNETH 8S. KEMMERER, anp 
WILLIAM C. ROSE 


(From the Laboratory of Biochemistry, University of Illinois, Urbana) 
(Received for publication, August 9, 1937) 


For more than 20 years cystine has been regarded as an 
indispensable dietary component. In 1915, Osborne and Mendel 
demonstrated that the growth rate of rats is diminished when 
the proportion of casein in the diet is reduced from 18 per cent to.a 
level of 9 per cent. The addition of cystine to the low protein 
ration renders it adequate, and rapid growth ensues. Data in 
confirmation of these findings were presented from many labora- 
tories. In view of the uniformity of the evidence, there appeared 
to be no reason to doubt that the rdéle of cystine, in so far as growth 
is concerned, had been definitely and permanently established. 

The position of cystine as an essential amino acid became less 
secure, however, when Jackson and Biock (1932) observed that 
methionine also is capable of supplementing a low casein ration. 
Evidently, part of the cystine may be replaced for growth pur- 
poses by methionine. Further complications arose from the 
study of cystinuria. Brand, Cahill, and Harris (1935) report 
that cystine is almost completely oxidized when fed to a cystinuric 
patient; but that cysteine and methionine, under like conditions, 
lead to the appearance of “extra’’ cystine in the urine. In the 
opinion of Brand and his associates, the behavior of methionine 
indicates that it is transformed into cystine through cysteine as 
an intermediate. Admittedly, the nature of the chemical trans- 
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R. H., and Meyer, C. E., Proce. Am. Soc. Biol. Chem., 8, Ixxxv (1936); 
J. Biol. Chem., 114 (1936)). 
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formation is obscure. Lewis, Brown, and White (1936) have 
presented confirmatory evidence as to the fate of the three sulfur- 
containing compounds in cystinuria, but are reluctant to accept 
the explanation offered by Brand et al. until more convincing proof 
is presented. 

The results of the above investigations suggest a number of 
interesting questions. If methionine can serve in place of part of 
the cystine, can it replace all of the latter for growth purposes? 
Is methionine an indispensable dietary component, or are cystine 
and methionine mutually interchangeable in metabolism? The 
answer to each of these questions should be obtained upon normal 
subjects. The fact that in cystinuria the two amino acids are 
disposed of by different metabolic paths does not exclude the 
possibility that in normal animals they may be either mutually 
interchangeable or individually necessary. Hitherto, it has not 
been feasible to test the effects of diets devoid of cystine and 
methionine inasmuch as methods for the quantitative removal of 
these amino acids from hydrolyzed proteins are not available. 
Such investigations are rendered relatively simple, however, if 
one resorts to the use of rations containing known mixtures of 
highly purified amino acids in place of proteins. This technique 
has now been applied with the results outlined below. 


EXPERIMENTAL 


The composition of the amino acid mixture (Mixture XV-a) is 
shown in Table I. As will be seen, it was devoid of threonine and 
of the two sulfur-containing amino acids. These were incor- 
porated in the diets separately in the quantities desired. In 
order to insure the removal of all traces of cystine and methionine, 
each amino acid in the mixture was recrystallized at least three 
times after it was analytically pure and gave a negative Sullivan 
test. The cystine was recrystallized six times after correct an- 
alytical data were obtained. Synthetic leucine was employed 
since /-leucine is generally, if not always, contaminated with 
traces of methionine. 

The make-up of the diets is shown in Table II. Each supplied 
18 per cent of “effective”? amino acids, and was administered ad 
libitum. Diet 1 contained 0.6 per cent of dl-methionine and 0.3 
per cent of J-cystine. Diets 2 and 3 contained 0.6 per cent of 
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TABLE 
Composition of Amino Acid Mixture 
| Mixture XV-a 
he wed 
gm. gm. 
| 1.90 | 3.80* 
| 94.06 | 150.93f 


* Racemic acids. 
t 1.605 gm. of the mixture are equivalent to 1.0 gm. of ‘‘effective’’ amino 
acids. 


l-cystine and 1.4 per cent of dl-methionine, respectively.! Diet 4 
was devoid of both amino acids. The vitamin B factors were 
furnished to each animal in the form of two pills daily, each con- 


1 The l-cystine content of Diet 2 was equivalent to the sum of the /- 
cystine and half of the dl-methionine present in Diet 1. The dl-methionine 
content of Diet 3 was equivalent to twice the sum of the /-cystine and half 
of the dil-methionine present in Diet 1. At the time these experiments were 
undertaken we were not convinced that d- and /-methionine would be 
equally effective in promoting the growth of animals on diets devoid of the 
sulfur-containing amino acids. Had we assumed equal efficiency for the 
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taining 75 mg. of a commercial cereal concentrate.” Analyses 
showed that the concentrate contained almost exactly 0.1 per cent 
of total sulfur. Obviously, the intakes of cystine and methionine 
from this source must have been extremely small. 


TABLE II 
Composition of Diets* 


Diet 1 Diet 2 Diet 3 Diet 4 

gm, gm. gm. gm, 
Amino acid Mixture XV-a. . 26.8 26.8 26.6 27.8 
19.6 19.9 19.3 19.5 
6.0 | 145.0 | 15.0 
5.0 5.0 §.0 | 5.0 
Methionine (dl- 0.6 1.4 


100.0 100.0 100.0 100.0, 


Each diet 18) per of‘ ‘effective’’ amino ‘The 
min B factors were supplied in the form of two pills daily, each containing 
75 mg. of a commercial concentrate manufactured by the Vitab Products, 


Inc. 
t Osborne and Mende! (1919). 


The results of the experiments are summarized in Charts I and 
II. In Table III are recorded the average daily change in body 
and the ony food of each 


two forms of isctiaiainie. an icine which is now ‘justified by the 
results of later experiments in this laboratory, the quantities of l-cystine 
and dl-methionine in Diets 2 and 3 would have been 0.78 and 0.97 per cent, 
respectively. Thus the amounts actually used appear to favor the methion- 
ine animals. However, this does not detract from the significance of the 
data. 0.6 per cent of /-cystine is a liberal intake. Larger proportions. 
usually exert nephrotoxic effects when administered to young rats (Cox, 
Smythe, and Fishback, 1929). Autopsies failed to reveal any evidence of 
renal injury in our animals. Recently, we have shown that normal in- 
creases in weight may be obtained with diets carrying 0.6 per cent of dl- 
methionine even in the absence of /-cystine, and that larger percentages do 
not improve the rate of growth. 
2? Vitamin B complex liquid type 2, Vitab Products, Inc., New York. 
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CHART I 


RELATION OF CYSTINE AND 
METHIONINE TO GROWTH 


Litter 1 
| 


2602 ¢ (59) 


2603 (55) 


qT 
2604 ¢ (55) 


32605 (56)\- 
| 


2606 ¢ (50) <10 days + 
2607 (55) 
2608 ¢ (54) B 
Oo 
2609 (47) 


(35) 


| t (28) 


Cuart 1. The numbers in parentheses denote the initial and final weights 
of the rats. At the beginning of the experiments the animals were placed 
on a diet devoid of methionine and cystine. The arrows indicate the points 
at which dietary changes were made as follows: Rats 2602 and 2603, 0.6 
per cent of di-methionine plus 0.3 per cent of l-cystine; Rats 2604 and 2605, 
1.4 per cent of di-methionine; Rats 2606 and 2607, 0.6 per cent of /-cystine; 
Rats 2608 and 2609, no cystine, no methionine. Rats 2606, 2608, and 2609 
died at the points indicated by the crosses. 
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CHART II 


RELATION OF CYSTINE AND 
METHIONINE TO GROWTH 


Litter 2 


— 2610 ¢ (55) 


2611 ? (56) 


2616 ¢ (49) 
2617 (58) 


Cuart II. The numbers in parentheses denote the initial and final 
weights of the rats. At the beginning of the experiments the animals were 
placed on a diet devoid of methionine and cystine. The arrows indicate the 
points at which the dietary changes were made as follows: Rats 2610 and 
2611, 0.6 per cent of di-methionine plus 0.3 per cent of l-cystine; Rats 2612 
and 2613, 1.4 per cent of dl-methionine; Rats 2614 and 2616, 0.6 per cent of 
l-cystine; Rats 2617 and 2618, no cystine, no methionine. Rat 2618 died at 
the point indicated by the cross. 
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(65) 
(67) | 
| A793) | 
71) | 
2612 (60) \ | | | 
2613 ¢ (58) | 
| 
2614 f (57) | 
2615 ¢ (55)\— + /| 
| | bo 
| 
2618 ¢ (50) : | 
—\y— (35) | 
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All of the subjects received Diet 4 for at least 12 days, during 
which time they lost weight very rapidly. At the points indicated 
by the arrows, one or both of the missing amino acids were incor- 
porated in the food. As will be observed, the inclusion of 
methionine induced just as rapid growth as did the introduction 
of both cystine and methionine. On the other hand, the adminis- 
tration of cystine was practically without effect. The animals 


III 
Average Daily Changes in Weight and Average Daily Food Intakes of Animals 

| Bes | 88 | $08 | 8 

| gm gm. | | gm | gm. 

1 |}2602 7 12) —-1.42;2.5 | 4 2 12; —1.25 2.3 | 4 
(20,541.40 4.0 1 | | +1.25, 3.6 | 1 
(2603 9 | 12, -1.08 1.8 4 9 | 12 | —1.33, 3.0 | 4 
| +1.25,3.4 | 1 +1.35,4.4 | 1 
(2604 | 12) -1.33 2.2 | 4 2612 12) -1.50 4.0% 4 
| 20 | 41.75! 4.4* | 3 «$1.55 4.5* | 3 
2605 9 12) -1.25 20 4. 2613 9 | 12) -1.50'2.5 | 4 
20 | +1.70' 3.7 | 3 | (20 | +1.55/4.0 | 3 
2606 7 12 | —1.08 2.0 2614 | 12 —1.33/2.2 | 4 

—0.21 2.3* 2. 20 —0.30) 3.0* | 2 

2607 | 12 | —1.25)2.2 | 4 | 2615 7 12 -1.50 2.2 4 
| (20 | -0.25.2.4 2 —-0.20;2.5 | 2 
(2608 7 28t -0.80 1.8 4 2616 9 12 | -1.17/2.4 | 4 
(2609 9 26t -0.73 20 4 20 | —0.20 3.1* | 2 
a | (2617 32) —0.78 2.2 | 4 
| —0.79} 2.3 | 4 


* Some food scattered. 

t Animal died on day indicated. 
which received this amino acid continued to lose weight, but at 
very slightly diminished rates. Rat 2606 died on the 19th day 
of the cystine feeding, while three of the four animals deprived of 
both amino acids expired before the completion of the experiments. 

The data demonstrate conclusively that methionine is an indispen- 
sable dietary constituent. They show also that cystine is incapable of 
promoting growth when methionine is absent from the food. Thus, 
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the two amino acids are not mutually interchangeable in metab- 
olism. These findings were quite unexpected in view of the 
prevailing opinion that cystine is a necessary dietary component. 
In order to exclude the extremely unlikely possibility that we had 
obtained fortuitous results, four additional litters of animals were 
subjected to similar experimental measures. Invariably, the 
outcome was the same. We feel no hesitancy, therefore, in affirm- 
ing that cystine, tn contrast to methionine, is not an essential com- 
ponent of the ration. Doubtless it, like other dispensable amino 
acids, may be synthesized by the organism. Certainly the forma- 
tion of tissues without cystine seems extremely improbable. This 
aspect of the problem will be investigated shortly by determining 
the cystine content of animals deprived of this amino acid. 

Finally, how can our conclusions be reconciled with the earlier 
observations of Osborne and Mendel, and others? The most 
plausible explanation of the apparent discrepancy is that cystine 
is able to function in place of part of the methionine, but not as a 
substitute for all. Diets carrying 9 per cent of casein contain 
appreciable amounts of methionine. Under such circumstances, 
perhaps cystine may serve as a growth stimulant. Indeed, evi- 
dence to this effect has already been obtained. Additional data 
are being accumulated, and will be reported at a later date. 


SUMMARY 


By the use of diets containing mixtures of highly purified amino 
acids, definite proof has been obtained for the indispensable 
nature of methionine. For purposes of growth, the latter is 
capable of replacing cystine entirely. 

Contrary to the general belief, cystine is not an essential dietary 
constituent. Its presence does not improve the quality of a ration 
carrying an adequate amount of methionine. In the complete 
absence of the latter, the administration of cystine to the experi- 
mental animals fails to promote growth. 


BIBLIOGRAPHY 


Brand, E., Cahill, G. F., and Harris, M. M., J. Biol. Chem., 109, 69 (1935). 

Cox, G. J., Smythe, C. V., and Fishback, C. F., J. Biol. Chem., 82, 95 (1929). 

Jackson, R. W., and Block, R. J., J. Biol. Chem., 98, 465 (1932). 

Lewis, H. B., Brown, B. H., and White, F. R., J. Biol. Chem., 114, 171 (1936). 

Osborne, T. B., and Mendel, L. B., J. Biol. Chem., 20, 351 (1915); 37, 572 
(1919). 


| 
é 
4 
; 
3 
| 
3 
2 


CHEMICAL STUDIES ON THE NEUROPROTEINS 


III. AN INDICATION FOR SEX DIFFERENCES IN THE AMINO 
ACID COMPOSITION OF PRIMATE BRAIN PROTEINS 


By RICHARD J. BLOCK 


(From the Department of Chemistry, New York State Psychiatric Institute 
and Hospital, New York) 


(Received for publication, August 16, 1937) 


It has been recently pointed out (1, 2) that the amino acid 
composition of the total protein fraction obtained from human, 
monkey, beef, sheep, rat, and guinea pig brains was quite constant. 
Furthermore, it was shown that the molecular ratio of lysine to 
arginine in the neuroproteins prepared from the brains of five 
normal human males varying in age from 4 to 82 years remained 
remarkably constant throughout the entire age group. In 
contrast to the constancy of these ratios, the data suggested that 
the brain proteins prepared from young mammals yield less 
histidine than those obtained from adults. It was also noticed 
during these investigations that the neuroproteins prepared from 
human and animal brains yielded approximately the same amounts 
of arginine but that more lysine was obtained from the human 
material. This difference, which apparently was not the result 
of an experimental error, was at first thought to be a species 
difference. However, further consideration of the data indicated 
that this was probably not the case but that the difference was 
one of sex. In the case of the human brains all the analyses were 
carried out on males, while in the case of the animals the sex had 
been disregarded. These results seemed to indicate that the 
constancy of the molecular ratio of lysine to arginine which had 
been established for human male neuroproteins might not be 
applied to normal female neuroproteins without further investi- 
gation. 

The experiments described below substantiate these impressions 
and indicate that the lysine to arginine ratio of apparently normal 
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male and female neuroproteins is not identical, although there is a 
certain amount of overlapping. 


EXPERIMENTAL 


Preparation of Human Brain Proteins—The proteins from the 
brains of the three women used in this study were prepared in the 
same manner as described previously (1, 2). In contrast to the 
brains of males which were obtained from normal individuals 
accidently killed, the brains of females were obtained from women 
dying of various diseases. As far as is known, these individuals 
were, however, entirely free from any clearly recognized mental 
disturbances. A brief clinical summary of these individuals is as 
follows: 

Irene, 15 years old, died in acute diabetic coma, showing marked 
dehydration. Sexually underdeveloped. 

Rosa, about 20 years old, died from puerperal septicemia caused 
by self-induced abortion. Normal sexual development. 

Jane, 79 years old, died from a coronary occlusion. Normal 
sexual development. 

Preparation of Monkey (Macacus rhesus) Brain Proteins—These 
were prepared from acetone-dried brains by the procedure de- 
scribed previously (1). Both males and two of the three female 
monkeys died as a result of generalized anaphylactic shock. The 
third female was killed after it was observed that she was tubercu- 
lar. A hard mass about the size of a pea was found resting un- 
attached on the surface of the right cerebral cortex of this female. 
This appeared to be a small meningioma. 

Analyses of Brain Proteins—The neuroproteins prepared from 
the nine specimens described above were analyzed for the basic 
amino acids, tyrosine, and tryptophane by the methods used 
previously (1). 

Special stress is being given the information gained from the 
determinations of lysine and arginine. This emphasis is not 
solely because of the suggested importance (cf. (3)) of these amino 
acids but because it is felt that of all the analytical results these 
are the most accurate. The values for arginine, histidine, and 
lysine in Table I are the highest figures obtained irrespective of 
the analysis. This appears to be justified because the figures are 
based on the isolation of the three amino acids, a procedure which 
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does not give high results. The accuracy of the determinations 
for arginine and lysine is indicated by the observation that dupli- 
cate analyses on the same sample of protein rarely yield amounts 
of arginine flavianate or lysine picrate which differ more than 5 
mg. This difference calculated on the basis of 2.500 gm. of pro- 
tein used. for the analysis is less than 0.1 per cent. The isolation 


TABLE I 
Amino Acid Composition of Primale Neuroproteins 
| | | | 
| Nitro- Ly- | Ar | 
Species Age Cause of death 3 “nine | | 
Males 
we. per per | per | per | per 
| cent cent| cent | cent cent | cent 
Human 4 Automobile accident | 13.4.1.9 4.8 4.7542 13 
15.1, 2.7/5.3 )5.1/ 45 14 
Ca. Drowning 15.1) 2.5, 5.2 | 5.4 | 4.6) 1.4 
Automobile accident 13.4 2.3°4.7' 47/39 13 
Monkey Unknown Anaphylactic shock | M4 175.4 5.0 | 
| | 14.3, 2.4.5.6 | 5.1 3.9, 1.2 
Females 
Human | 15 Diabetes | 13.4| 2.21 4.5 | 5.0 | 4.0| 1.2 
“ | 20 | Septicemia | 13.9 2.5) 4.7 | 4.9 | 4.0, 1.2 
| 70 Coronary occlusion | 13.6 4.2 1.2 
Monkey Unknown Anaphylactic shock 14.8 2.4 5.1 53) 4.0 12 
“ 4.8 | 
14.0) 2.8) 4.25.2 | 


values for histidine have not this degree of accuracy, while the 
disadvantages of purely colorimetric methods are known. 


Results 


The analytical results are summarized in Table I and indicate 
that male primate neuroproteins yield more lysine than material 
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prepared in the same manner from brains of females. ‘The amounts 
of arginine and lysine obtained from various individuals differ 
more widely than has been previously observed among keratins 
and orosins obtained from different individuals of the same 
species. Such variations are not entirely unexpected, for the 
neuroproteins studied in this investigation are undoubtedly more 
heterogeneous than either orosins or keratins. 


DISCUSSION 


Investigations of sex differences in the chemical physiology of 
animals have been largely confined to studies embodying the 
dynamic rather than the more static factors. The former group 
of investigations has been summarized by Riddle and_ others 
(4-6). Thus it is well established that males have a higher rate 
of oxidation than females, that male gonads are much richer in 
arginase than are female gonads, and that there are significant 
sex differences in fat and carbohydrate metabolism. Sex differ- 
ences in protein composition have, however, been reported by 
various Japanese investigators. Tadokoro and his associates 
(cf. (4)) have reported differences in ash, P, and specific rotation 
of serum albumins and globulins prepared from male and female 
animals. These investigators have also claimed that myosin and 
myogen obtained from male and female cattle, fowl, rabbits, pigs, 
dogs, herring, grouper, and tunny fish differ in ash, P, specific 
rotation, and in their content of the basic amino acids. The basic 
amino acid values of the muscle proteins (7, 8) were determined 
by the Van Slyke nitrogen distribution method which is known to 
be subject to considerable errors, especially in the estimation of 
histidine, when used for the analyses of tissue proteins. How- 
ever, if these results are accepted, it appears that male mammalian 
and avian myoproteins are richer in arginine (8.9 per cent) and 
lysine (7.4 per cent) and much poorer in histidine (2.9 per cent) 
than female myoproteins (arginine 8.3 per cent, lysine 6.6 per 
cent, histidine 4.7 per cent). Okuda and Katai (9) reported that 
the cystine content of the hair of rabbits, sheep, rats, and cattle 
was usually higher in females than in males. However, an evalua- 
tion of these data seems to indicate that there are no significant 
sex differences in the cystine content of mammalian hair. 

The data presented in Tables I and II suggest that there are, 
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however, differences in the amino acid composition of the neuro- 
proteins prepared from male and female primates. The molecular 
ratios of lysine to arginine given in Table II show that the average 
ratio of lysine to arginine is 100 :83 for males and 100: 93 for females. 
In spite of the rather small number of analyses these differences 
are apparently statistically significant. The sex difference in the 
molecular ratio of lysine to arginine of the neuroproteins is brought 
out more clearly by a comparison with the ratio of lysine to argi- 


TABLE II 
Molecular Ratios of Lysine to Arginine in Neuroproteins and Orosins 


Molecular ratio, lysine to arginine 


Source 
Males | Females 


nine of several mammalian orosins. These analyses which were 
carried out by exactly the same method as employed for the neuro- 
proteins show that the molecular ratio of lysine to arginine is the 
same for orosins prepared from male and female mammals, a 
finding which is somewhat at variance with the Japanese investi- 
gations mentioned above. 

Table II indicates that there is a certain amount of overlapping 
of the male and female ratios. This is not surprising, for we 
know now that all beings are bisexual. Each individual is a mix- 
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ture of male and female. This principle, once understood, 
explains why all animals display innumerable gradations, inter- 
mediary stages, and variations of masculinity and femininity. 
The suggested importance of arginine and lysine in the genetie 
and embryonic development of the tissue proteins (cf. (3, 10)) 
appears to lend added significance to the above findings. 

However, it should be pointed out that these results require 
further confirmation and an investigation is under way in which 
an attempt will be made to correlate the clinical history, especially 
the sexual phases, with the amino acid composition of the neuro- 
proteins obtained on autopsy. 


SUMMARY 


1. Proteins prepared from the brains of five human and two 
monkey males and from three human and three monkey females 
were analyzed for nitrogen, histidine, lysine, arginine, tyrosine, 
and tryptophane. 

2. The amino acid composition of male and female primate 
neuroproteins appears to be approximately the same except for 
lysine which is present in somewhat larger amounts in the male 
brain proteins. Thus, the average molecular ratio of lysine to 
arginine is 100:83 for males and 100:93 for females. 


I am indebted to numerous members of the Institute for pro- 
viding the autopsy material and to Mr. A. Schein and Mr. M. L. 
Webb for technical assistance in the preparation of the proteins. 
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CRYSTALLINE CATALASE 


By JAMES B. SUMNER ann ALEXANDER L. DOUNCE 


(From the Department of Physiology and Biochemistry, Cornell University 
Medical College, Ithaca) 


(Received for publication, August 16, 1937) 


The isolation of urease (1) and later of other enzymes as crystal- 
line proteins has done much to increase our understanding of the 
chemical nature of enzymes. With the exception of the yellow 
oxidation ferment, all enzymes thus far isolated have been of the 
hydrolytic type. It is with especial interest, therefore, that we 
report the isolation of crystalline catalase, since catalase is unique 
in its action, has been intensively studied in previous years, has 
been highly purified by adsorption methods, and since catalase is 
the first enzyme isolated which contains iron. 

We have obtained crystalline catalase by extracting finely 
ground beef liver with dilute dioxane, later precipitating with 
dioxane, dissolving in water, and crystallizing by chilling and 
adding ammonium sulfate. Pig and horse livers have yielded no 
catalase crystals. Sheep liver has produced crystals which we 
have not yet obtained in quantity sufficient for identification as 
the enzyme. Attempts to employ acetone or alcohol in place of 
dioxane have not yet been successful. 

Von Euler and Josephson (2) state that their purest horse liver 
catalase had a “‘Kat. f.”’ of 43,000 and we ourselves reported (3) 
that a sample of recrystallized catalase had this value. <A careful 
repetition of our work, however, has shown that our value is far 
too high and that eight recrystallizations give a product of Kat. f. 
25,000 to 26,000. 

It has been easy to obtain crystals from our purified crystalline 
catalase which appear to be hemin. However, the acid acetone 
hemin solutions are blue instead of the usual brown. This shows 
either that crystalline catalase is a compound of something in 
addition to protein and hematin, or else that the prosthetic group 
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of the catalase molecule is not ordinary hematin. (Thoroughly 
dialyzed catalase still gives the blue color.) 

Method of Preparation—Put beef liver through a household meat 
grinder four times and mix 300 gm. portions with 400 ce. portions 
of 35 per cent dioxane.' After stirring for 4 or 5 minutes, place on 
fluted filters (32 em., Schleicher and Schill, No. 595) and cover 
with watch-glasses. Allow to filter into 500 ec. graduates over- 
night at room temperature. The next day add to every 100 ce. 
of filtrate 20 ec. of dioxane with stirring and set the material in 
the ice chest. After 12 or more hours, filter and refilter in the 
ice chest until the solution is practically clear. Now precipi- 
tate the catalase by adding 10.2 ec. of dioxane to every 100 ce. of 
filtrate. Allow the material to stand in the ice chest overnight 
and then filter off the precipitated catalase, refiltering if necessary. 
The residue on the filter paper must stand in the ice chest until all 
of the liquid has drained through the filter paper. The filter paper 
is then opened up and placed upon several dry filter papers, and 
the precipitate is scraped off with a spatula and placed in a beaker. 
Depending upon the yield of precipitate, one now stirs with 5 to 
15 ec. of water for each 300 gm. of liver and adds a few drops of 
saliva in order to digest the glycogen. The solution is next filtered 
at room temperature and the residue is extracted a second time. 
The filtrate is chilled and saturated ammonium sulfate (Kahl baum) 
added cautiously until a haziness appears. The catalase crystal- 
lizes almost immediately. The material is kept in the ice chest 
and more ammonium sulfate is added until a good crop of crystals 
is obtained. However, it is inadvisable to add a great excess of 
ammonium sulfate since catalase crystals are difficult to centrifuge 
down from solutions of high specific gravity. 

Recrystallization—When catalase crystals are uncontaminated 
with protein impurity the recrystallization is generally easy. One 
centrifuges down the crystals, pours off the supernatant liquid, 
and dissolves the crystals in a small amount of water and the least 


1 The dioxane employed was purified as follows: a 3 kilo bottle of East- 
man Kodak Company’s technical dioxane was frozen solid in the ice chest. 
The bottle was then unstoppered and allowed to stand inverted at room 
temperature over a graduated cylinder until 300 to 350 cc. of material had 
melted and run out. The portion remaining in the bottle was later melted 
and used for dilution to 35 per cent by volume. 
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possible volume of 9.6 per cent phosphate buffer of pH 7.4. A 
protein impurity which is in the form of particles shaped like 


footballs does not dissolve. “The solution is centrifuged until clear, 


decanted, and brought to about pH 5.3 by adding the necessary 
amount of acid potassium phosphate solution with rotation. The 
preparation is cooled and saturated ammonium sulfate is added 
slowly until most of the catalase has crystallized out. It is neces- 
sary to add from { to 4 volume of saturated ammonium sulfate to 
1 volume of catalase solution for practically complete erystalliza- 
tion of the enzyme. 


Fic. 1. Catalase precipitated as needles from acid phosphate solution by 


ammonium sulfate. 250. 
Fic. 2. Catalase plates, slowly crystallized from acid phosphate solution 


by addition of asmall amount of (NH4).SO,. 250. 


It frequently happens that a portion of the catalase crystals is 
found to have become insoluble in phosphate buffer of pH 7.4. 
Such crystals have a diminished activity and apparently consist of 
denatured catalase. 

Properties of Crystalline Catalase—The crystals usually separate 
first as very fine needles, which are shown,” after having grown to a 
larger size, in Fig. 1; upon reerystallizing, as already described, 
they separate either as needles or as thin plates (Fig. 2). Chilling 
of a strong solution of catalase in pH 7.4 phosphate yields prisms 
(Fig. 3) which tend to become relatively insoluble in phosphate but 
which dissolve in strong NaCl. All three crystal forms show a 


* We wish to express our gratitude to Professor C. W. Mason for his 
advice in taking the photomicrographs, and for the use of his equipment. 
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very weak double refraction. When a solution of the crystals is 
dialyzed, the material precipitates partly as prisms and partly as 
egg-shaped particles. 

The erystals show thryxotropy beautifully, and indeed when 
very minute they can be detected more easily by the thryxotropy 
than by search with the microscope. Individual crystals, if 
sufficiently large, are yellow under the microscope. In the test- 
tube the erystals look black, greenish yellow, or silvery, according 
to the illumination. The salt-free crystals at pH 5.3 are very 
slightly soluble in distilled water. After having separated by 
dialysis, the crystals dissolve with difficulty in phosphate buffer 
of pH 7.4, but will dissolve readily in concentrated sodium chloride 
solution. The crystals stain very well with methyl violet. 


=. 


Fig. 3. Catalase prisms formed by chilling a strong alkaline phosphate 
solution. 250. 


Crystalline catalase is coagulated on heating, and gives all of 
the ordinary color tests for protein. Once recrystallized, catalase 
gives no Molisch test. Dilute solutions of crystalline catalase are 
vellow, while concentrated solutions are practically black. 

Absorption Bands of Catalase Solutions—Zeile and Hellstr6m (4) 
found that their purified catalase solutions gave absorption bands 
at 629,540, and 500 mu. For crystalline catalase we have observed 
absorption bands at 627 and 536 mu. Our apparatus is not 
suitable for investigation in the shorter end of the spectrum. 

Determination of Dry Weight of Catalase—After recrystallizing, 
the catalase crystals have been centrifuged down, and, after dis- 
‘arding the supernatant liquid, have been placed in a small 
collodion bag and dialyzed in the ice chest for 12 to 24 hours 
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against frequent changes of cold, redistilled water. After com- 
plete removal of salts, the material has then been transferred to a 
centrifuge tube and suspended by stirring. An aliquot of the 
suspension has been taken, pipetted into a weighed platinum 
crucible, and evaporated to dryness and constant weight at 100° 
in an electric oven. Later the crucible has been cooled in a desic- 
eator over phosphorus pentoxide and weighed. 

Determination of Ash—Ash has been determined after heating 
the dried material in the crucible to a low red heat. The amount 
of ash in 25 mg. of catalase has not been weighable, showing that 
the quantity of ash is not greater than 0.5 per cent. 

Iron Content—Using the method of Stugart (5) we have deter- 
mined the iron content of crystalline catalase. Twice recrystallized 
catalase contained 0.1 per cent of iron and four times recrystallized 
catalase, from 0.11 per cent to 0.15 per cent, according to the 
treatment of the sample. A solution of four times recrystallized 
catalase in alkaline phosphate, after dialysis for 30 hours, gave an 
average figure of 0.11 per cent for iron content. Crystals from a 
fourth recrystallization of catalase, precipitated from a phosphate 
solution by ammonium sulfate in the usual manner, gave an iron 
content of 0.15 per cent, however. An eight times recrystallized 
catalase sample showed 0.06 per cent of iron, after long dialysis of 
an alkaline phosphate solution. It is possible that some iron is 
split off and lost during dialysis if the solution is slightly alkaline. 

More analyses under carefully controlled conditions will be 
necessary before a reliable value is obtained. All of the reagents 
employed in the preparation and recrystallization of catalase were 
freefromiron. It is worth noting that the Kat. f. 40,000 catalase 
of von Euler and Josephson (2) contained 0.15 per cent of iron, 
while their Kat. f. 43,000 catalase contained 0.63 per cent. Such 
a great fluctuation in iron content as compared with the slight 
increase in enzyme capability is hardly indicative of purity. 

Determination of Catalase Capability—-We have employed the 
method of von Euler and coworkers (2) for the determination of 
catalase capability or Kat. f. When employing dialyzed sus- 
pensions of catalase crystals, we have usually pipetted an aliquot 
of the material into a volumetric flask, and have added a small 
amount of saturated sodium chloride. After complete solution, 
the material has been diluted to the graduation mark with dis- 
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tilled water and mixed gently. An aliquot of this solution has 
been diluted until of concentration suitable for capability deter- 
minations. 

Effect of Recrystallization wpon Capability—In order to deter- 
mine the effect of recrystallization upon capability, a sample of 
catalase, prepared from 7 pounds of beef liver in the usual way, 
was recrystallized eight times, and the Kat. f. was determined 
after the first, third, fifth, seventh, and eighth recrystallizations. 

The determination of the Kat. f. of once crystallized catalase 
was made by estimating the velocity constant and the dry weight 
of catalase solution which had been dialyzed until salt-free, the 
crystals which separated during dialysis having first been 
discarded. 

Subsequent determinations were run by the following method 
in order to conserve material. 1 ec. of concentrated solution of 
the crystals in phosphate buffer was diluted, without previous 
dialysis, 15,000-fold, and the velocity constant determined in the 
usual way. For determination of the corresponding dry weight 
1 ec. of the alkaline phosphate solution was dialyzed against 
several changes of water for 24 hours, and then washed into a 
crucible and dried to constant weight at 100°. No catalase 
passed through the collodion membrane during the dialysis and 
no more than a trifling quantity remained after the washings. 
The results of these determinations are shown below. 


Recrystallizations | Kat. Fahigkeit 
1 25 ,600 
3 25 ’ 200 
5 25, 200 
7 28 600 
25 , 800 


Nature of Prosthetic Group—-Zeile and Hellstrém (4) believed 
catalase to consist of a protein united with a hematin side chain, 
and Stern (6) has offered evidence for the isolation of the prosthetic 
group as crystallized hemin. We have split off the hematin by 
adding acid acetone to acidified solutions of crystalline catalase 
after the method of Anson and Mirsky (7) for preparing hemin 
from hemoglobin. The precipitate of protein is colored light 
blue, while the acetone solution has been rather intensely blue. 
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The blue color develops only upon the addition of a sufficient 
amount of hydrochloric acid. Upon standing for several days, 
the blue changes to brown. Hemin is present in the acetone 
solution as shown by the absorption bands and by evaporating 
the acetone solution with the separation of crystals of hemin which 
cannot be distinguished from hemin made from crystalline hemo- 
globin. These crystals show pleochroism, as do blood hemin 
crystals, and apparently the same extinction angles. We have 
also converted catalase hemin into hematoporphyrin by allowing 
it to stand with acetic acid saturated with hydrobromic acid. 
The absorption bands of this hematoporphyrin are in the same 
position as bands of hematoporphyrin prepared from _ blood 
hemin. 

Stern (6) states that the blue substance obtained by treating 
impure catalase with hydrochloric acid and acidified acetone is 
biliverdin. We believe, on the contrary, that the blue substance 
is formed from the crystalline catalase by the action of the acid, 
since eight times recrystallized catalase produces about as much 
of this substance as crude crystalline catalase. The blue sub- 
stance shows no absorption bands in the visible spectrum but 
only a general absorption in the yellow. 

Semiquantitative determinations of the blue color were run as 
follows: 1 ec. of the dialyzed solution or suspension of catalase 
erystals was placed in a test-tube, and 1 drop of normal hydro- 
chloric acid was added, followed by 10 cc. of acetone.* 2 drops 
more of normal hydrochloric acid were added, the material was 
stirred thoroughly, filtered from precipitated protein, and com- 
pared with an arbitrary standard in the colorimeter. This stand- 
ard was prepared by mixing indigosulfonic acid, naphthol yellow 
S, and Higgins’ India ink to match approximately the color of the 
blue solution. 

Isoelectric Point of Catalase—To a catalase solution prepared 
from once recrystallized material we added acetate buffers of 
various pH values and fine quartz particles. With the Northrop- 


> We have found that acetone distilled from anhydrous calcium chloride 
and soda lime must not be used, since this acetone turns pink when acidified 
with hydrochloric acid. Acetone which is allowed to stand in contact with 
calcium chloride and soda lime and then distilled through a fractionating 
column is satisfactory. 
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Kunitz apparatus, the isoelectric point was determined by obsery- 
ing the non-migration of the quartz particles (8, 9). This was 
at pH 5.7. We observed the point of minimal solubility of the 
catalase crystals in N/10 acetate buffer also to be at pH 5.7. 

Stern (10) found impure horse liver catalase to be isoelectric 
at pH 5.58. 


SUMMARY 


Catalase has been isolated for the first time in crystalline form, 
and in pure condition. The enzyme is a compound of protein 
and either hematin or a substance closely related to it. The blue 
color which appears upon addition of acetone and hydrochloric 
acid is perhaps produced by a compound intermediate in the 
formation of hemin, or possibly may be caused by a third sub- 
stance. The Kat. f. of eight times recrystallized beef catalase is 
between 25,000 and 26,000, and the tron content is in the neighbor- 
hood of 0.1 percent. Beef catalase is isoelectric at pH 5.7. 
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THE CAUSE OF SORE MOUTH IN NEPHRITIS 


By SIDNEY BLISS 
(From the Department of Biochemistry, Tulane University, New Orleans) 
(Received for publication, June 30, 1937) 


It seems that the severe ulceration of cheeks and tongue seen 
frequently in nephritic patients and nephrectomized dogs may be 
due to local irritation by ammonia. We have found that tartar 
from the teeth of dogs contains urease. It is our opinion that 
ammonia is formed by the action of urease on the urea in saliva. 

The basis for the opinion rests upon the following observations. 
(a) Dogs with normal blood non-protein nitrogen values (hence a 
normal amount of urea in the saliva) do not have ulceration of the 
tongue and cheeks even though the teeth are coated with tartar. 
(b) The ulceration of cheeks and tongue in our nephrectomized 
dogs (with elevated blood non-protein nitrogen and an increased 
concentration of urea in the saliva) is in just those locations where 
the tissues lie against the teeth. (c) Ulcerations clear up when 
tartar is removed from the teeth even though the blood non- 
protein nitrogen remains elevated. (d) Tartar scraped from the 
teeth of normal and nephritic dogs hydrolyzes urea solutions to 
ammonia in a few minutes, just as urease does. 

From the foregoing observations one feels justified in believing 
that the ulcerations are due to ammonia, if it can be shown that 
ammonia does actually damage such tissues. We were able to 
demonstrate this. 

Small glass capsules were made from the bottoms of small test- 
tubes. They held a volume of about 1 cc. <A thin rubber gasket 
was cemented to the edge of the glass that went next to the tissue. 
A dog was kept quiet with the intraperitoneal injection of 35 mg. 
of nembutal per kilo of body weight, supplemented by the injec- 
tion of an additional 1 ce. of 5 per cent solution of nembutal every 
2hours. Three capsules were applied to the same dog at the same 
time, one containing physiological saline, another ammonium 
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sulfate, and a third containing ammonium hydroxide. The con- 
centrations of ammonium sulfate and ammonium hydroxide used 
were such as to be equivalent to the amount of ammonia that 
would be liberated from the urea in saliva when the blood non- 
protein nitrogen was at the level of 300 mg. per 100 ce. (Our 
nephritic dogs have non-protein nitrogen values much in excess 
of this figure at times, going to a maximum that we have observed 
of 750 mg. per 100 ce.) We used this figure because it is a repre- 
sentative figure well below the maximum values we sometimes get, 
yet a high non-protein nitrogen value. It is only with the high 
non-protein nitrogen values that we get ulceration. 

The capsules were held in place with an ordinary screw clamp. 
The jaw of the clamp was covered with adhesive to prevent slip- 
ping of the glass capsule. In this way the solution in question 
was kept in contact with the inner surface of the lip. The cap- 
sules were kept in place for 8 hours. Observations were made at 
once and on the following day, when the dog had completely 
recovered from the anesthesia. 

The area in contact with the physiological saline was not 
damaged, indicating that the amount of constriction necessary 
to keep the capsule in place was not enough to cause damage. 
Ammonium sulfate caused a slight reddening, still evident the 
following day. Ammonium hydroxide produced a sharply marked 
area of severe damage, evident a week later. 

As a further test of the thesis, saliva was collected from a doubly 
nephrectomized dog. This was done by administering ether and, 
from time to time, removing the cone and collecting the saliva 
dripping from the tongue. The values obtained at the time of 
collecting saliva were as follows: 


mg. per 

100 ce. 


The salivary urea nitrogen was also determined with 50 mg. of 
crude, dry dog tartar in place of 50 mg. of Squibb’s urease. The 
value obtained was 101 mg. per 100 ce. compared with 105 mg. 
with urease. These values are close, and have been duplicated 
several times. It seems rather remarkable that crude and un- 
purified tartar containing a good deal of inorganic matter should 
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have such a good urease activity. Blood and saliva urea deter- 
minations were carried out by the method of Folin. 

Saliva from the doubly nephrectomized dog (when the blood 
urea nitrogen was 238 mg. and the salivary urea nitrogen 105 mg.) 
was incubated with dog tartar and applied to the inner surface 
of the lip of a normal dog as described above, and after 8 hours 
showed reddening and irritation not shown in the control with 
saline. 

Further study of the saliva yielded the following data. On 3 
successive days following double nephrectomy the saliva showed 
pH values of 8.8, 8.3, and 7.9 with the quinhydrone and satu- 
rated calomel electrodes. ‘To demonstrate that the alkalinity of 
the saliva was sufficient to liberate free ammonia, 2 cc. of the saliva 
were used as the only alkali to liberate ammonia on aerating a 
solution containing 1 mg. of nitrogen as ammonium sulfate. 33 
per cent of the nitrogen present was liberated as ammonia. 

The reaction of the tartar was studied in the following way. 
The tartar from the teeth of 50 normal dogs was pooled and dried 
in a desiccator. The pooled sample, after being pulverized and 
sifted, weighed 170 mg. 50 mg. of crude, dry tartar were sus- 
pended in warm water and only a small portion of it went into 
solution. Electrometrically the pH was found to be 6.94 (quin- 
hydrone and saturated calomel electrodes). 

Since ammonia can be liberated from solution at a pH above 5, 
the reaction of tartar would favor the liberation of free ammonia, 
although under the conditions obtaining in the mouth it is prob- 
able that the alkalinity of saliva is a more important factor. A 
solution containing 1 mg. of nitrogen as ammonium sulfate was 
aerated with 30 mg. of tartar as the only alkali, and 20 per cent 
of the nitrogen was liberated as free ammonia. 

This appears to make a complete story. Urease in the tartar 
of teeth acts upon the urea in saliva to produce ammonia. When 
the concentration of urea in saliva is high, as it is in nephrecto- 
mized dogs, enough ammonia is formed by the enzymatic hydrolysis 
of urea to produce ulceration. The alkalinity of saliva contributes 
to the liberation of free ammonia. 


My thanks are due Dr. Raymond B. Squires for the pH deter- 
minations. | 


1 Folin, O., Laboratory manua! of biological chemistry, London and New 
York, 5th edition, 279 (1934). 
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THE PRODUCTION OF BACTERIAL ENZYMES CAPABLE 
OF DECOMPOSING CREATININE 


By RENE DUBOS anp BENJAMIN F. MILLER 


(From the Hospital of The Rockefeller Institute for Medical Research, 
New York) 


(Received for publication, July 23, 1937) 


The identification and analysis of creatinine in biological fluids 
have chiefly depended on colorimetric methods, usually with 
alkaline picrate in Jaffe’s reaction. In the case of urine, the high 
concentration of creatinine in this fluid has permitted the separa- 
tion and identification of the compound by gravimetric methods 
(Liebig (1847); Heintz (1849)) and it is generally agreed that the 
major portion of the material which gives the Jaffe reaction in 
urine is true creatinine. In the case of blood and tissue filtrates, 
however, the amounts of chromogenic substances present are too 
small to permit the ready specific precipitation of creatinine or the 
isolation of well characterized derivatives. In fact, the nature 
of the substance in blood which gives the Jaffe reaction has been 
the object of a bitter controversy since the appearance of the 
detailed study of Behre and Benedict (1922) in which these authors 
denied the existence of creatinine in normal blood. It is obvious 
that because of its lack of specificity the Jaffe reaction is a very 
unsatisfactory tool for the study of this problem. Hunter and 
Campbell (1917) have shown, for instance, that there is at least 
one substance in human blood which cannot be creatinine but 
gives the same color with alkaline picrate. Hunter (1928) lists 
also thirty-eight other compounds, some closely related to crea- 
tinine, others very far removed, which all give a positive Jaffe 
reaction. 

It appears, therefore, that there is a definite need in studies of 
the chemistry and physiology of creatinine for reagents more 
specific than those hitherto employed; and with this end in view, 
an attempt was made to discover an enzyme which would decom- 
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pose creatinine with a satisfactory degree of specificity. Earlier 
investigators had claimed that creatinine is decomposed in 
autolyzing tissues, but according to Hunter (1928) these claims 
have now been completely discredited. 

It seemed likely, however, that in nature there exist micro- 
organisms capable of decomposing creatinine. We_ therefore 
decided to search for such bacterial agents and if possible obtain 
from them active enzyme preparations. A similar experimental 
approach was used by Dubos and Avery (1931) for the discovery 
of an enzyme capable of decomposing the capsular polysaccharide 
of Type III pneumococcus, a substance which had proved re- 
sistant to all enzymes of animal and plant origin. A systematic 
search led to the isolation from soils rich in organic matter of a 
sporulating bacillus capable of hydrolyzing the capsular poly- 
saccharide; autolysates of cultures of this bacillus grown under 
very specific experimental conditions were found to yield a soluble 
enzyme which also decomposes the capsular polysaccharide. 
Both the culture and the enzyme derived from it exhibit a remark- 
able degree of specificity toward the substrate for which they had 
been obtained. 

In a preliminary publication we reported the isolation of several 
species of soil bacteria capable of decomposing creatinine (Miller 
and Dubos (1936)). The present paper deals in greater detail 
with the method of isolation of these cultures and the properties 
of the enzyme preparations obtained from them. 


EXPERIMENTAL 


Isolation of Bacterial Species Capable of Decomposing Creatinine— 
Creatinine was added in 0.5 per cent amounts to a variety of soil samples. 
The creatinine-soil mixtures were incubated under a number of different 
experimental conditions in which the following variables were introduced: 
(1) acid reaction (by the addition of acid potassium phosphate to soils with 
an acid reaction); (2) neutral reaction (addition of calcium carbonate to 
soils with a neutral reaction); (3) aerobic incubation (enough water was 
added to satisfy 60 per cent of the moisture-holding capacity of the soil 
samples); (4) ‘‘anaerobic’’ incubation (with an excess of water); (5) differ- 
ent temperatures of incubation (30°, 37°, 59°). 

The disappearance of the creatinine was followed by performing the 
Jaffe reaction on water extracts of the different soil-creatinine mixtures. 


It was found that creatinine disappeared very rapidly (in 4 to 5 
days) from all the samples incubated aerobically both at acid and 
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neutral reactions, and at 30° and 37°. However, at 59° or with 
anaerobic incubation, the creatinine was still present at the end 
of 2 weeks. 

In order to favor the growth of the microbial species specifically 
adapted to the decomposition of creatinine, the soil mixtures in 
which this material had undergone decomposition were inoculated 
into liquid media in which creatinine was the sole organic con- 
stituent. A great variety of media were prepared in which the 
following variables were introduced. 


1. The reaction was adjusted at different pH values with phosphate 


buffers (m/30). 
2. The salt concentration was varied by the addition of NaCl (0 to 3 


per cent). 
3. Inorganic nitrogen was added as (NH,).SO, (0.05 per cent), or entirely 


omitted. 
4. The media were prepared in tap water to supply other essential 


minerals. 
5. Creatinine was added to all media in concentration of 0.2 per cent. 
6. Incubation was carried out at 30° and 37° under aerobic conditions. 


Repeated transfers into fresh synthetic media were carried out 
as soon as any culture showed evidence of decomposition of crea- 
tinine. After a few transfers cultures were obtained in which the 
creatinine was decomposed in 48 hours following inoculation of 
5 ec. of medium with one loopful of active material. 

At this stage, microscopic examination revealed only very few 
bacterial types, most of the irrelevant species having been elimi- 
nated by the repeated transfers in the highly specifie media. _Iso- 
lation of four different bacterial types was readily obtained by 
plating serial dilutions of the different cultures on creatinine agar 
and on peptone agar. 

No effort has been made to identify the bacterial species which 
were isolated, or to find their place in a system of classification. 
Some of the cultural characteristics, however, are described 
below. 

Culture NC—This is a small Gram-positive pleomorphic bac- 
terlum which grows readily in all common media tested. The 
colonies formed on creatinine agar and meat infusion peptone 
agar develop a yellow pigment after 48 hours incubation. 

The decomposition of creatinine in synthetic media takes place 
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most rapidly at neutral reaction, in low salt concentration, and 
under conditions of very strict aerobiosis. 

Cultures A and B—These two cultures were studied but little. 
Both are very similar to Culture NC in morphology and general 
cultural characteristics, but do not produce the yellow pigment. 
Culture A decomposes creatinine most rapidly in low salt concen- 
trations and at a slightly acid reaction. Culture B, on the con- 
trary, grows best in higher salt concentrations and at pH 8.0. 

Culture HR—Culture HR is a large Gram-positive, sporulating 
bacillus. Growth is exceedingly slow in meat infusion peptone 
media, but fairly rapid and abundant in casein hydrolysate.! 

The spores resist heating for 15 minutes in a boiling water bath, 
and autoclaving for 10 minutes (15 pounds pressure). | 

The cells undergo autolysis very rapidly, both in casein media 
and in creatinine solution. 

The decomposition of creatinine is favored by a high salt concen- 
tration and an alkaline reaction (pH 8 to 8.5). 


Decomposition of Creatinine by “Resting Cells’ of Bacterial Cultures 
NC and HR 


Several attempts were made to obtain from cultures of the bac- 
terial species NC, A, B,and HR, soluble extracts capable of decom- 
posing creatinine. These attempts failed completely except in 
the case of Culture HR which yielded a filtrate with a slight 
degree of activity. 

It was therefore decided to use as a source of enzyme, suspensions 
of washed cells, a type of preparation which under the name of 
“resting bacteria’? has been used extensively for the study of 
bacterial metabolism. Only Cultures NC and HR have been 
investigated from this point of view, and the following pages will 
be devoted to a description of some of their properties. 


Culture NC. Method of Preparation of Suspensions of Washed Cells 


The culture is maintained in a condition of great activity by weekly 
transfers into the following medium: 0.5 per cent creatinine, 0.5 per cent 
NaCl, m/40 pH 7.0 phosphate buffer in tap water. 

When a large amount of culture is desired, the medium is distributed in 


1 The casein hydrolysate used in these experiments was a commercial 
preparation available under the name of ‘‘tryptone broth’’ (Difco). 
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shallow layers (3 cm. depth at the most) in suitable containers; 1 drop of the 
active culture is sufficient to inoculate 100 ce. of the medium. The culture 
is incubated for 3 days at 37°. The cells are then separated by centrifuga- 
tion, washed in distilled water, and resuspended in an amount of distilled 
water equal to 1/40 the volume of the original culture medium (for instance 
the washed cells from 4000 ec. of culture are resuspended in 100 cc. of dis- 


tilled water). 
Effect of Several Factors upon Enzymatic Activity of Cell Suspensions 


As stated above, Culture NC is capable of decomposing in 48 
hours a solution of 0.2 per cent creatinine in the proper mineral 
medium. It has not been possible so far to obtain the active 
enzyme in solution. However, the enzymatic activity of the 
washed cells in the absence of cellular multiplication is demon- 
strated by the following experiment. 


Experiment 1—A number of test-tubes and of Erlenmeyer flasks (125 ce. 
capacity) received each 0.1 mg. of creatinine in solution in 3 ec. of M/30 
phosphate buffer at pH 7.0. The bacterial suspension was added in varying 
amounts, with or without the addition of antiseptic, as indicated in Table I. 
The antiseptics tested were toluene, chloroform, chloral hydrate (0.3 per 
cent), and phenol. The preparations were allowed to incubate for 30 min- 
utes at 37°. The bacteria were then separated from the mixture by cen- 
trifugation and the presence of undecomposed creatinine in the supernatant 
liquid tested by the Jaffe reaction. 


The results presented in Table I indicate that under proper 
conditions, 1.0 cc. of the bacterial suspension is capable of decom- 
posing 0.1 mg. of creatinine in 30 minutes at 37°. This short 
period of incubation makes it seem very unlikely that the decom- 
position is associated with multiplication of the washed bacterial 
cells. This is confirmed by the finding that even in the presence 
of 0.3 per cent chloral hydrate, marked decomposition of creatinine 
occurred. ‘Toluene, chloroform, and phenol proved less satis- 
factory from this point of view, and these antiseptics retarded 
decomposition considerably more than chloral hydrate. It should 
also be noted that the decomposition of creatinine was much more 
efficient in Erlenmeyer flasks (7.e. with a large surface area) than 
in the narrow test-tubes. 

It can be concluded, therefore, that the washed cells of Culture 
NC, grown in a creatinine medium, contain an enzymatic system 
Which is capable of decomposing creatinine rapidly when the 
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mixture is incubated in shallow layers at 37° at neutral pH (opti- 
mal range pH 7.0 to 8.0). 

Experiment 2—It has been stated previously that Culture NC 
grows abundantly in many common media. It was of interest to 
compare the enzymatic activity of the cells grown in creatinine 
solution with those which had to use other materials as source of 
energy in the course of growth. 


A variety of media were prepared in which creatinine was replaced by the 
following substances, some totally unrelated to creatinine, some related to 
it or to its eventual decomposition products: acid hydrolysate of casein, 
creatine, glycocyamine, sarcosine, methylguanidine, acetic acid, glycocoll, 
urea, and different combinations of these substances. These media were 


TABLE | 


Effect of Surface Area, and of Antiseptics on Enzymatic Decomposition of 
Creatinine by a Suspension of Washed Bacteria (NC) 


| 
25 Erlenmeyer flasks 
Ne 
34 ” No antiseptic | 0.3 per cent chloral hydrate | 
ce. | 
2.0 | Complete decomposi- Complete decomposi- | Partial decomposition 
tion tion | 
0.2 ‘No appreciable de-  ‘ 
| composition | 


inoculated with Culture NC and growth developed in all of them. The 
cells were separated by centrifugation, washed, and resuspended in enough 
distilled water to give a cell suspension similar in density to that of the 
standard NC culture grown in creatinine. 

The different cell suspensions were then compared for enzymatic activity 
by testing their ability to decompose 0.1 mg. of creatinine under the condi- 
tions described in Experiment 1 (30 minutes incubation—in a_ shallow 
layer, pH 7.0, at 37°, in the absence of antiseptic). 


It was found that only the cells which had been compelled to use 
creatinine or creatine in the course of their growth possessed appre- 
ciable amounts of the creatinine-splitting enzyme. All other 
cells were either completely inactive or exhibited a much smaller 
degree of activity. | 
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The creatinine-splitting enzyme produced by Culture NC 
therefore belongs to the group of so called “adaptive enzymes,” 
which develop only as a response to the presence of the specific 
substrate in the culture medium (Karstrém (1930)). 


Enzymatic Activity of Desiccated Preparations of Washed 
Bacterial Cells 


As stated above, all attempts to extract an active soluble enzyme 
have so far failed. Fortunately the washed bacterial cells retain 
their activity for a long time (2 months) when the suspension in 
distilled water is kept at low temperature. However, it was 
found difficult to desiccate the cells without completely destroy- 
ing, or greatly impairing, their enzymatic activity. Precipitation 
with large volumes of cold acetone or alcohol always resulted in 
complete inactivation. The best results were obtained when the 
frozen cells were desiccated at reduced pressure over P2Qs. 


Experiment 3—The cells from 100 ce. of the standard suspension of 
washed cells were separated by centrifugation, frozen in a salt-ice mixture, 
and desiccated at low pressure in a vacuum desiccator containing P,O;, and 
kept at —5° for 24 hours. The resulting bacterial powder weighed 201 mg. 
and was found to contain7 per cent water. 

The comparative enzymatic activity of the desiccated preparation (con- 
taining 7 per cent water) and of the original suspension of washed cells was 
established by determining the minimal amount of material capable of 
decomposing 0.1 mg. of creatinine at 37° in 30 minutes. It was found that 
whereas | cc. of the original suspension (corresponding to 2 mg. of dry 
material) was sufficient for this end, it took 5 mg. of the desiccated material 
to achieve the same result. It is evident, therefore, that desiccation was 
accompanied by considerable loss of activity. The desiccated preparation, 
however, has been found to retain its activity unchanged for at least 3 
months at 5°. 


Specificity of NC Enzyme Preparation 


The primary object of the development of these bacterial en- 
zymes was to establish whether creatinine is the substance re- 
sponsible—in totality or in part—for the positive Jaffe reaction of 
blood filtrates. A great many tests were therefore instituted to 
study the effect of the enzyme preparation NC on a number of 
compounds which give the Jaffe reaction.? 


?The authors are greatly indebted to Dr. R. W. Jackson of Cornell 
University Medical College and Dr. I. Greenwald of New York University 
College of Medicine for many of the compounds used in this study. 
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Experiment 4—Equal weights of different compounds giving a positive 
Jaffe reaction were incubated with an amount of NC enzyme sufficient to 
cause complete decomposition of the same weight of creatinine (1 cc. of the 
standard enzyme preparation per 0.1 mg. of creatinine). The substrate- 
enzyme mixtures were incubated under conditions optimum for enzymatic 
action (in a shallow layer, M/40 phosphate buffer, pH 7.0, no antiseptic, at 
37°). 

After 1 hour’s incubation, the cells were separated from the mixtures by 
centrifugation and the presence of undecomposed material in the super- 


TABLE II 


Decomposition by NC Enzyme of Jaffe-Reactive Substances Related to or 
Associated with Creatinine 


Percentage 

position meas 

Compound by change in 
Jaffe reaction 


5- Methyicreatinine. 0 
Dimethylcreatinine 0 
Acetylcreatinine . .. 10t 
4- (or B-)Bensoyiereatinine .. 0 
5-Benzylcreatinine . 3 0 
2-Benzylcreatinine 0 
5-Methylglycocyamidine 10 
Hunter’s chromogenic substance in hens ery ‘ytes... 0 


= 
= 
: 
& re 


* The nomenclature is that by Grosnwald (1925). 

+t Acetylcreatinine does not undergo further destruction when the incu- 
bation is prolonged. This is different from the action with glycocyamine 
and 5-methylglycocyamidine, since both these compounds may be com- 
pletely decomposed if the incubation is continued for some hours. 


natant fluid was tested by means of the Jaffe reagent. The percentage 
decomposition in each case was established by readings in a Zeiss Pulfrich 
stufenphotometer (see Table IT). 


The results of Experiment 4 show that of the Jaffe-reactive 
compounds which were tested, only creatinine was rapidly decom- 
posed. The addition of one methyl group to the creatinine 
molecule completely inhibited enzymatic activity, and the mere 
shift of the methyl group from position 3 (in creatinine) to posi- — 
tion 5 (in 5-methylglycocyamidine) diminished the rate of 
decomposition very greatly. Acetyl creatinine and glyco- 
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cyamidine were also slightly decomposed. No further decompo- 
sition of acetyl creatinine occurred on continued incubation with 
the enzyme, whereas there was complete decomposition of glyco- 
eyamidine and 5-methylglycocyamidine after several hours 
incubation. 

It is apparent that the NC enzyme exhibits a definite degree of 
specificity in terms of the Jaffe reaction. ‘There are, however, 
many substances closely related to creatinine which do not give 
any color with alkaline picrate. The action of the NC enzyme 
upon these Jaffe-negative substances was tested by the deter- 


TaBLe III 


Production of Urea by Action of NC Enzyme upon Non-Jaffe-Reactive 
_ Compounds Related to Creatinine 


Compound 


*+ indicates the production of approximately equivalent amounts of 
urea. 


mination of a characteristic end-product. Urea was selected, 
since it was found to be the most constant product of the action 
of the NC enzyme upon creatinine. 


Experiment 5—A number of substances which are related to creatinine 
or are possible degradation products of it were incubated with the NC 
enzyme under conditions optimum for enzymatic action. The same weight 
of each substance was incubated with a quantity of enzyme sufficient to 
decompose completely in 1 hour the same weight of creatinine. At the end 
of the incubation period, the bacterial cells were removed by centrifugation 
and the amount of urea produced was determined by the manometric 
urease method (Van Slyke (1927)). The compounds tested and the results 
obtained are given in Table III. 
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as 


The results of this experiment indicate that creatine, guanidine- 
acetic acid, methylguanidine, and arginine are decomposed at 
about the same rate as creatinine. It would appear, therefore, 
that the ring structure of creatinine is but a small factor in deter- 
mining the specificity of the enzymatic action. On the contrary, 
the presence of a guanidine-like unit in the molecule appears to be 
an important determinant of the specificity, since the replacement 


ig 
as 
4 


of one NH group by the CO linkage (as in the change from | 
é creatinine and creatine to methylhydantoin and methylhydantoie | 
4 acid) prevents any reaction with the enzyme. It is also interest- 
: ; ing that the absence of the methyl group in guanidine (as com- | 
a pared with methylguanidine) markedly reduces the production 
; 3 4 of urea, as does the shift of the methyl group in creatinine from 
the 3 to the 5 position. 
f i | ; Chemical Reactions Involved in Degradation of Creatinine by NC 
j 2 +: Experiment 6—Several solutions of creatinine (in M/40 phosphate buffer 
R ETE at pH 7.0) were incubated in closed containers with amounts of NC enzyme | 
sufficient to cause complete decomposition in 45 to 90 minutes. An attempt 
: ta was then made to identify and estimate quantitatively some of the end- 
iin products of the reaction. 
Ff th Under these conditions urea was found to be the most constant 
lbe end-product of the decomposition of creatinine. It was identified 
i att by the specific action of urease, and estimated quantitatively by 
: ; 1): the manometric method of Van Slyke (1927), or the titrimetrie 
- : & analysis of Van Slyke and Cullen (1916). The results are pre- 
Tie sented in Table IV. These results indicate that the decomposi- 
| e15 tion of creatinine by the NC enzyme preparation yields 1 molecule 
tit of urea per molecule of creatinine. 
Since the subtraction of 1 molecule of urea from creatinine leaves ) 


sarcosine (methylglycine), this compound and possibly glycine 
| were postulated as end-products. However, careful analyses for 
sarcosine® and glycine in the enzyme digests failed to reveal the 


? Sarcosine was determined by use of the gasometric ninhydrin method 
(Dillon and Van Slyke (1936)) in which this compound yields carbon dioxide , 
as readily as do the ordinary amino acids. Since sarcosine does not yield 
nitrogen in the Van Slyke (1929) nitrous acid technique for amino nitrogen, 
it may be analyzed, even in the presence of glycine, as the difference between 
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presence of these compounds. Furthermore, incubation of the 
enzyme with pure sarcosine and glycine did not produce urea or 
ammonia. ‘Thus it appears that sarcosine is not an intermediate 
or end-product of the action of the NC enzyme on creatinine. 
The results in Table III indicate that methylguanidine is a more 
likely intermediate than sarcosine. 


The fate of the remaining portion of the creatinine molecule has not been 
fully uncovered. Tests for NH; have given divergent results varying from 
the merest trace of this compound to an amount equivalent to two-thirds 
of the creatinine nitrogen not accounted for as urea. The irregularity of 
these results may be due to the slow liberation of ammonia from some 
decomposition product of creatinine. 


TABLE IV 


Quantity of Urea Obtained from Decomposition of Creatinine by Means of 
NC Enzyme Preparation 


_ | Amount of Theoretical for 

min, mg. mg. mg. 
90 0.789 0. 384 0.41 92 
45 0. 300 0. 164 0.159 103 
45 0.300 0.169 0.159 106 
60 | 0.375 0.216 0.199 108 


Possibly, in addition to the ammonia, the 3rd nitrogen atom in the creati- 
nine yields some methylamine. Some evidence for the presence of this 
compound has been obtained, but it is not conclusive. So far it has not 
been feasible to decompose with the NC enzyme the large quantity of 
creatinine necessary for an accurate analysis of methylamine. 


Culture HR. Method of Preparation of Suspension of Washed Cells 


Culture HR is maintained in a condition of great activity by repeated 
transfers in the following medium: 0.5 per cent creatinine, 1.0 per cent NaCl, 
0.5 per cent KzHPO,, tap water. 
the total reaction with the carboxyl and the nitrous acid methods. Anal- 
yses on pure solutions of sarcosine and glycine gave excellent results, and 
the analyses were not affected by the addition of the amounts of urea ordi- 
narily encountered in the enzyme digest. By application of these methods 
it was demonstrated that neither sarcosine nor glycine was present in 


_ appreciable quantity in the enzyme digests from 0.3 mg. samples of cre- 


atinine. 
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As previously stated, the vegetative cells of this bacterial species auto- 
lyze very rapidly and it has been found that at the same time they lose their 
enzymatic activity for creatinine. To obtain satisfactory yields of enzyme 
it is therefore necessary to arrange conditions for a very rapid growth of the 
culture, and to use the cells shortly after they have been separated from the 
medium. The following procedure has given very active preparations. 

Culture HR is heated in a boiling water bath for 15 minutes and then 
inoculated into a medium consisting of 2 per cent casein hydrolysate in 2 
per cent NaCl at pH 7.0. Heavy growth develops in 24 to 48 hours. 2 ce. 
of the casein hydrolysate culture are used to inoculate 100 cc. of the creat- 
inine medium. After 48 hours incubation at 37° the cells are separated by 
centrifugation, washed in physiological saline, and resuspended in a volume 
of physiological salt solution corresponding to 1/40 the volume of the 
culture medium. 


Factors Affecting Enzymatic Activity of Washed Cells of Culture HR 


Experiment 7—The activity of the suspension of washed cells 
was tested by determining the minimal amount of cell suspension 
required to decompose 0.1 mg. of creatinine (in 3 cc. of 0.1 mM phos- 
phate buffer at pH 7.0) in 90 minutes incubation at 37°. 


When the cells were used immediately after separation from the medium, 
complete decomposition of 0.1 mg. of creatinine was obtained with 0.2 ce. 
of the cell suspension. However, of the same cell suspension kept for 1 day 
and 4 days in the ice box, 1 ec. and 5 ec. respectively were required to bring 
about complete decomposition of the same weight of creatinine under the 
same conditions of incubation. Microscopic examination revealed that 
this loss of enzymatic activity is associated with marked autolysis of the 
cells. 


It has not been possible so far to carry out a complete study of 
the factors influencing the enzymatic activity of the washed cells 
of Culture HR. It seems, however, that the conditions of incu- 
bation described for Culture NC are equally necessary for Culture 
HR, and all enzymatic tests have been carried out at neutral 
reaction, in shallow layers, and at 37°. It appears also that the 
cells grown in casein hydrolysate possess little or none of the 
specific enzyme effective against creatinine. Other media have 
not been tested. 


Specificity of HR Enzyme 
Experiment 8—It was of interest to test the activity of the HR 


enzyme upon compounds related to creatinine and giving a posi- 
tive Jaffe reaction, as had been done in the case of Culture NC. 


| 
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0.1 mg. of each compound in 10 cc. of 0.05 m phosphate buffer at pH 7.0 
was incubated with an excess of the active cell suspension for 90 minutes 
at 37°. The cells were then removed by centrifugation and the percentage 
decomposition determined by comparing the Jaffe reaction of the super- 
natant liquid with that of a control solution in which an equivalent volume 
of 0.9 per cent saline had been substituted for the cell suspension. 


The results in Table V show that the HR enzyme preparation 
is even more specific than the one previously studied. Of the 
compounds tested, glycocyamidine is the only one besides cre- 
atinine which is attacked by the enzyme, and the rate of its decom- 
position is far slower than that of creatinine. The amount of 
enzyme used in this experiment was 4 times the minimal quantity 


TABLE V 
Action of HR Enzyme Preparation on Compounds Related to Creatinine 


Per cent decom- 


Compound position measured 
by Jaffe reaction 


4-( or 5-)Benzoylereatinine .. . 0 
0 
5-Methylglycocyamidine | 0 


required for the complete decomposition of 0.1 mg. of creatinine; 
if this factor is taken into account in comparing the relative rates 
of activity of the enzyme upon creatinine and glycocyamidine, it 


then appears that the true ratio is 100:4 instead of the 100:15 


ratio indicated in Table V. Furthermore, in consideration of the 
great excess of enzyme employed, the inability of the HR enzyme 
to decompose 5-methylglycocyamidine is especially striking. 

To determine the effect of the HR preparation upon compounds 
which are related to creatinine, but do not give the Jaffe reaction, 
advantage was taken of the fact that when creatinine is acted 
upon by the enzyme, all the nitrogen is recovered as ammonia + 
urea. The urea and ammonia together were determined by the 
hypobromite method of Van Slyke (1929). 
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Experiment 9—The determinations were performed by essentially the 
same technique used in Experiment 8. The results given in Table VI 
furnish additional evidence for the high degree of specificity of the HR 
enzyme preparation. 


This enzyme does not attack glycocyamine, methylguanidine, or 
arginine, which are decomposed by the NC enzyme. Methyl- 
hydantoin, which has a very close structural relationship to cre- 
atinine, is also unaffected by the HR enzyme. With respect to 
this compound, however, the NC enzyme is as specific as the HR 
preparation. 


TaBLe VI 
Action of HR Enzyme on Non-J affe-Reactive Compounds Related to Creatinine 
0.200 mg. of compound was used in each instance. 


Urea + NH; | 
nitrogen 
Com pound | obtained by 


hy pobromite 
| method 


0 
0 
0 


7: 


ooo © 
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One Jaffe-reactive compound, glycocyamidine, is also included | 
in Table VI. This particular substance is of interest because it is 
the only compound, other than creatinine, listed in Table V which 
showed decomposition as measured by the Jaffe reaction. How- 
ever, glycocyamidine, as may be seen according to Table VI, does 
not yield a demonstrable amount of urea + ammonia. It appears 
from the results of Tables V and VI that the HR enzyme very 
slowly opens the ring structure of glycocyamidine but does not 
decompose the compound further. 


DISCUSSION 


As stated in the introduction, the study of the chemistry of 
creatinine in body fluids has been retarded by the lack of specific 


* 
; 
: 
° 
| 
i 
mg. 
| 
a 
> 4 
| 
“4 
Beg 
ox 
ag 
4 


ine 


ion 


R. Dubos and B. F. Miller 443 


analytical reagents for this compound. It was the object of the 
present paper to describe the methods employed for the discovery 
and preparation of two bacterial enzymes, both of which exhibit a 
marked degree of specificity for creatinine. Since it is possible 
that the method may prove of service in the discovery of enzymes 
adapted to other organic compounds, it may be of interest to 
discuss in more detail the general principles which govern the 
different steps of the actual technique. 

Isolation of Active Microorganisms—lIn the process of isolation of 
an active microorganism from a complex natural material (soil, 
sewage, etc.), it is of advantage to have the substance to be 
decomposed as the sole organic constituent of the culture media. 
This facilitates the elimination of many irrelevant microbial 
types. Moreover, these simpler media tend to bring out the more 
specific types of microorganisms, whereas ordinary media rich in 
peptones, amino acids, and sugars favor the more common pro- 
teolytic and saccharolytic types. Although the process of 
isolation of pure cultures can usually be carried out in the specific 
media, the addition of small quantities of ‘‘adjuvants of growth”’ 
will be found necessary in some cases; no general statement can be 
made as to the nature of these accessory growth factors since they 
vary from one bacterial species to the other. In the case of the 
bacterial species which decomposes the capsular polysaccharide 
of Type III pneumococcus, for instance, growth is greatly stimu- 
lated by the addition of traces of yeast extract to the synthetic 
medium (Dubos (1932)). 

Preparation of Active Enzyme—A few years ago Karstrém 
(1930) pointed out that the microbial enzymes can be divided 
into two broad classes: the so called “constitutive enzymes,” 
which are formed by the cells irrespective of the composition of 
the medium in which they are grown, and the “adaptive en- 
zymes,’ which are formed only as a response to the presence of a 
definite substrate in the medium. Although the matter of pro- 
duction of specific enzymes is not as simple as would appear from 
the above statement (Quastel (1937); Woolridge (1936)), it is 
likely that the group of adaptive enzymes in the sense of Karstrém 
is more suitable for the needs of the biochemist for specific reagents. 
The enzyme preparation NC offers a good example of this prin- 
ciple. This bacterial species grows abundantly in most common 
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culture media, but it fails to produce any appreciable amount of 
active enzyme except when compelled to use creatinine (or ere- 
atine) in the course of its growth. 

In the case of Culture NC, the active enzyme has as yet not been 
obtained in solution; therefore, it has been necessary to use washed 
cells as the source of active enzyme, a type of preparation which 
has been frequently employed under the name of resting bacteria 
in the study of bacterial metabolism. In order to prevent 
cellular multiplication from interfering with the specificity of the 
results, the time of incubation of the washed cells-substrate 
mixtures has been reduced to 30 to 90 minutes, a period too short 
to permit cell division. 

It seems that so far only washed cell suspensions have been 
used by biochemists for the demonstration of adaptive enzymes, 
e.g., galactase of yeast (Stephenson and Yudkin (1936)), hydro- 
genase of Bacterium coli (Stephenson and Stickland (1933)), 
maltase and lactase of Bacterium colt and lactic acid bacteria 
(Karstrém (1936)), etc. There is, however, one example of a 
typical adaptive enzyme which has been released in solution from 
the bacterial cell; namely, the one which decomposes the capsular 
polysaccharide of Type III pneumococcus (Dubos (1931, 1935)). 
Whether the creatinine-splitting enzyme extracted from Culture 
HR also belongs to this class is as yet uncertain, since the culture 
has not been sufficiently studied from this point of view. How- 
ever, it seems possible that by improving and developing the 
technique outlined in the present article, a method may become - 
available for the production of enzymes with a proper degree of 
activity and specificity, adapted to any group of organic 
compounds. 


SUMMARY 


The object of the present study was to produce enzymes capable 
of decomposing creatinine, to be used as specific reagents in the 
study of this substance. To this end four bacterial species 
capable of decomposing creatinine have been isolated in pure 
culture. The method of isolation and some of the properties of 
the cultures are described. 

The washed cells of two of these cultures (NC and HR) have 
been used as enzyme preparations. These are capable of rapidly 
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decomposing creatinine in the absence of any cellular multiplica- 
tion. In the case of at least one of the cultures (NC) it has been 
shown that the production of the specific enzyme is favored by the 
presence of creatinine (or creatine) as the sole organic constituent 
of the culture medium. 

The two enzyme preparations obtained exhibit a marked degree 
of specificity for creatinine, and fail to decompose, or attack only 
slowly, many compounds closely related to it. Some of the 
products of enzymatic decomposition of creatinine (urea, ammo- 
nia) have been identified, and can serve for the quantitative 
estimation of the action of the enzymes. — 
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creatinine in plasma. 


STUDIES ON THE PRESENCE OF CREATININE IN 
HUMAN BLOOD 


(From the Hospital of The Rockefeller Institute for Medical Research, 


Although the presence of creatinine in urine had been recognized by 
Liebig in 1847 it was not until 1910 that evidence was advanced for its 
existence in blood. In that year Shaffer ard Reinoso demonstrated that 
in protein-free filtrates of blood it is possibie to obtain a faintly positive 
Jaffe reaction similar to that given by dilute creatinine solutions. 
color reaction later became the basis of the Folin (1914) method for the 
) determination of preformed creatinine in blood. Later, Hunter and 
Campbell (1917) showed that human erythrocytes contain a substance 
which is not creatinine but which gives the typical Jaffe reaction. 
authors did not, however, express any doubt concerning the existence of 


In 1922 Behre and Benedict published an extensive series of observations 
on the Jaffe-reactive material in blood. They compared the chromogenic’ 
substance in blood filtrates with pure creatinine solutions or with filtrates 
containing added creatinine by (1) treating with hot alkali, which destroys 


creatinine, (2) contrasting the colors produced when sodium carbonate is 
substituted for sodium hydroxide in the Jaffe reaction, and (3) adsorption 
studies with kaolin. These relatively non-specific techniques elicited some 
striking differences between pure creatinine and the chromogenic sub- 
stance in blood filtrates. Behre and Benedict concluded that ‘‘creatinine 
does not exist in blood in detectable quantities.’’ This conclusion was 
supported by the similar experiments of Gaebler (1930) and Bohn and 
Hahn (1933), but were not confirmed by those of Zacherl and Lieb (1934), 


Ferro-Luzzi (1935), Hayman, Johnston, and Bender (1935), and Danielson 
(1936). The experiments by Danielson are of particular importance be- 
cause they included a careful repetition of the several techniques employed 
by Behre and Benedict. Danielson studied both ultrafiltrates and tungstic 


‘The term chromogenic substance is used to indicate the material in 
blood filtrates which yields the same reaction with alkaline picrate as given 
by pure creatinine; it has the same connotation as “apparent creatinine’ 


or “Jaffe-reactive material.’’ 
447 
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acid filtrates of plasma. His conclusion that ‘‘the greater part if not all 
the chromogenic material in normal plasma is creatinine’’ is in sharp con- 
trast to that of Behre and Benedict. 

Benedict and Behre (1936) have not accepted Danielson’s conclusions, 
and have presented additional evidence to support their original contention. 
They demonstrated that a new reagent, dinitrobenzoic acid, is more specific 
for creatinine than isalkaline picrate. They showed that although dinitro- 
benzoic acid gives a typical ‘‘creatinine color’’ with urine, it yields an 
entirely different shade in various types of blood and plasma filtrates. 
Recently, however, Bolliger (1936) and Langley and Evans (1936) have sug- 
gested methods with the dinitrobenzoic acid reagent for determination of 
creatinine in blood filtrates. These investigators did not report any 
unusual difficulties in obtaining a color match between blood filtrates and 
pure creatinine standards. 

In more recent experiments Behre and Benedict (1937) have used the 
reaction between creatinine, rubidium chloride, and picrie acid. This 
reaction yields an insoluble creatinine rubidium picrate and may be em- 
ployed to remove creatinine from pure solution. Applying this technique 
to blood filtrates, Behre and Benedict were unable to obtain typical pre- 
cipitates, although such precipitates occurred upon addition of pure cre- 
atinine to the filtrates. These results seem of questionable importance for 
the study of ‘‘creatinine’’ in blood in the light of experiments published 
simultaneously by Gaebler (1937). This investigator found that a large 
portion of the chromogenic material in plasma ultrafiltrates could be pre- 
cipitated by the rubidium-picric acid reagent. 

Evidence from physiological experiments has been sought by Goudsmit 
(1936), who studied the extraction of the chromogenic compound of plasma 
by the kidneys of the dog. He found an average value for the extraction 
percentage which was almost identical with that obtained for exogenous 
creatinine by Van Slyke, Hiller, and Miller (1935). However, Goudsmit 
concluded that the ‘‘observations do not have a direct bearing on the 
question of the nature of the chromogenic material in the blood.”’ 


Our interest in the nature of the Jaffe-reactive material in 
human plasma arose from the desire of one of us to investigate the 
renal excretion of creatinine in man under normal physiological 
conditions. In order to study the so called “endogenous creatinine 
clearance,”’ it is essential to determine the nature of the chromo- 
genic material in plasma; if this material proves to be creatinine, 
a specific method must be available for its analysis. We felt that 
since similar, and even identical, non-specific techniques had 
yielded entirely conflicting results in different laboratories, they 
could not be relied upon to give a definitive solution to this prob- 
lem. We therefore developed specific enzymes for the decomposi- 
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tion of creatinine. By means of the two bacterial enzymes 
described previously by Dubos and Miller (1937) it has been 
possible to study the chromogenic material with a specific tech- 
nique. In the present paper the action of the enzymes on the 
chromogenic material in blood filtrates is compared with their 
action on pure creatinine. 

The study of the nature of the chromogenic compound by means 
of these enzymes has been supplemented by the recently intro- 
duced dinitrobenzoic acid reaction for creatinine. -It has been 
found that this reagent yields important evidence when it is used 
with spectrophotometry instead of the usual colorimetric 
technique. 


Effect of NC and HR Enzyme Preparations upon Jaffe-Reactive 
Material of Blood and Spinal Fluid | 


In these experiments blood filtrates and spinal fluids were incu- 
bated with the NC and HR enzymes. The Jaffe reaction was 
used to obtain the total creatinine equivalent of these fluids before 
and after incubation with the enzyme suspensions. In this way, 
it is possible to estimate the amount of creatinine decomposed in 
the fluids. The chromogenic material remaining after the en- 
zymatic destruction of the creatinine is expressed in terms of its 
creatinine color equivalent. This is necessary because the nature . 
of the residual Jaffe-reactive substances is unknown. 


Methods 


Blood and spinal fluid samples were obtained from normal, adult males. 
Most of the observations were made upon tungstic acid filtrates prepared 
according to the method of Wu (1922). Plasma samples were obtained 
from oxalated blood. In the few instances in which spinal fluids were used 
they were diluted with water or physiological saline. 

An excess of the NC or HR enzyme was added to 10 ce. of the blood fil- 
trate or spinal fluid containing 0.5 cc. of m phosphate buffer, pH 7.0 (made 
according to Green (1933)). The requisite amount of cells was suspended 
in 1 to 2 cc. of H.O or 0.9 per cent NaCl solution. The strength of the 
enzyme preparation had been determined by the titration previously de- 
scribed by Dubos and Mjller (1937). The mixture was incubated in 125 cc. 
unstoppered flasks at 37° for 30 to 90 minutes, the exact time depending 
upon the strength of the enzyme preparation. The cells were removed by 
centrifugation at high speed. To 8 cc. of the supernatant fluid were added 
4 cc. of alkaline picrate, and the resultant color was read after 10 minutes. 
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The analyses were all performed in a Zeiss Pulfrich stufenphotometer, with 
a stratum thickness of 30 mm. and the S50 light filter. A control solution 
of water, buffer, and enzyme was incubated, centrifuged, and treated with 
the alkaline picrate. This served as the balancing solution in the stufen- 
photometer to compensate for any turbidity and for the absorption of light 
by the alkaline picrate reagent. The residual chromogenic substance was 
determined as its creatinine equivalent from a calibration chart, and com- 
pared with the value obtained for the total creatinine equivalent of the 
original solution. (Further details regarding technique and accuracy of 
the method are given in the subsequent paper.) : 


TABLE [| 


Amounts of Chromogenic Material Decomposed by Enzymes* in Serum, 
Plasma, Erythrocytes, and Spinal Fluid from Normal Individuals 


Average Residual 


nations x... decom posed 

100 cc. | 100¢ec. | 100 ec. | Per cent 
re 15 1.09 | 0.10 | 0.99 91 
6 1.80 | 1.07 | 0.73 40 
2 1.11 | 0 | 1.11 100 


* Most of the determinations were performed with the NC enzyme prep- 
aration; but at least one analysis on each type of material was made with 
the HR preparation. 


Results 


Filtrates of Serum and Plasma—Filtrates of normal human 
serum and plasma were studied according to this technique. 
Most of the determinations were made with NC enzyme prepa- 
rations, and a-smaller number with HR cell suspensions. Table I 
indicates that an average of 91 per cent of the chromogenic 
material originally present was decomposed by the enzymes. 
(The details of these analyses and those for the other fluids are 
recorded in the following paper.) 

Filtrates of Erythrocytes—In filtrates of erythrocytes there was 
an average of 40 per cent decomposition of the original chromo- 
genic material (Table I). When cells and plasma from the same 
blood were analyzed, it was found that the amount of the cellular 
chromogenic substance decomposed was equivalent to about 
three-fourths of that in the plasma. This represents the same 
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ratio as that which would be calculated from the distribution of 
water between cells and plasma (Van Slyke et al. (1925)). 

Spinal Fluids—Since only small amounts of spinal fluids were 
available, six to eight samples were pooled and analyzed. Table I 
shows that the chromogenic material in these representative 
samples was as readily decomposed by each of the enzyme prepa- 
rations (100 per cent in the two pooled samples available) as the 
material in plasma and serum filtrates. 


TaBLeE II 


Concentrations Equivalent to Creatinine Obtained by Picric Acid and Dinitro- 
benzoic Acid Methods with Various Compounds Closely Related to 


Creatinine 
Concentration equivalent to 
creatinine divi by concen- 
Compound tration of compound 
Picric acid | Dinitrobenzoic 
method acid method 
5-Methylglycocyamidine....................... 0.55 0.15 


Solutions containing 0.01 mg. per cc. of each compound were compared 
by the two methods; their colors were determined in a stufenphotometer. 
The ‘“‘creatinine equivalent’’ is the value for the light absorption of the 
various solutions expressed in terms of creatinine. 


Observations on Body Fluids by Means of Dinitrobenzoic Acid 
Reaction 


In these experiments the creatinine color equivalent of the 
chromogenic material in blood filtrates was obtained by the 
dinitrobenzoic acid reagent and compared with the concentration 
derived from the reaction with alkaline picrate (Jaffe’s reaction). 


Methods 


The materials and filtrates were obtained and prepared as described in 
the previous section. 
The method described by Langley and Evans was followed, including the 
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use-of the purified dinitrobenzoic acid reagent. However, a Zeiss Pulfrich 
stufenphotometer was employed in place of acolorimeter. The stufenphotom- 
eter was calibrated with pure creatinine solutions containing 0.00025 mg 

to 0.005 mg. per cc. When the 30 mm. cups and the 850 light filter of ‘the 
instrument were employed, excellent checks for duplicate analyses could be 


obtained in this range of creatinine concentration. The results conform 


with the Lambert-Beer law in this range, but not at higher concentrations. 
The creatinine equivalents of glycocyamidine, 5-methylglycocyamidine, 
and other related compounds were obtained by both the dinitrobenzoic acid 


TaBLeE III 


Values for Creatinine Equivalent of Chomogenic Material in Plasma Filtrates 
Obtained from Simultaneous Analyses by Alkaline Picrate and Dinitro- 
benzoic Acid Methods (Mg. per 100 Cc. of Original Fluid) 


1:5 tungstate filtrates were analyzed unless otherwise stated. 


| Creatinine Creatinine 
_ method zoate method 
‘(adult with hy pertension) 1.29 1.23 
* Ultrafiltrate. 


and picric acid reagents. The results are given in Table II. They demon- 
strate in almost every case that creatinine may be distinguished from 
related chromogenic compounds more specifically by means of the dinitro- 
benzoic acid method. Similar results with pure solutions were obtained 
by Benedict and Behre. 


Analyses by the two methods have been performed simultan- 
eously on the chromogenic material of plasma and serum filtrates 
and other fluids. The analytical results are compared in Table 
III. It is shown that in every sample the two values for the 
creatinine equivalent of the chromogenic material agree very 
closely. 
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DISCUSSION 


These experiments indicate that creatinine exists in blood and 
constitutes a large portion of the Jaffe-reactive material, espe- 
cially in the plasma. Each of the enzymes employed in this study 
possesses a high degree of specificity toward creatinine, as con- 
trasted with other Jaffe-reactive compounds. It seems likely, 
therefore, that that portion of the chromogenic material in blood 
which is decomposed by the enzymes is also true creatinine. The 
previous study of the Jaffe-reactive compounds closely related to 
creatinine has shown that glycocyamidine is the only one of them 
acted upon by both enzymes. However, the rate of decomposi- 
tion of this substance is very much slower than that of creatinine. 
That glycocyamidine is not the chromogenic compound in blood 
is shown by the following evidence: (1) Experiments? were per- 
formed in which serum filtrates were incubated with the enzyme 
and compared simultaneously with equivalent concentrations 
(according to the Jaffe color) of pure glycocyamidine. It was 
found that decomposition.of the chromogenic material in blood 
filtrates proceeds much more rapidly than the decomposition of 
glycocyamidine solution. (2) The results given for the com- 
parison of the alkaline picrate and dinitrobenzoic acid reactions 
in body fluids practically eliminate glycocyamidine from serious 
consideration. Even if low concentrations of glycocyamidine 
were present they would seriously affect the creatinine equiva- 
lents, especially those obtained by the dinitrobenzoic acid 
method. Since in every case the two methods gave the same 
concentration of creatinine, it is apparent that the chromogenic 
material is not glycocyamidine or a mixture of glycocyamidine 
and creatinine. 

Since certain non-chromogenic compounds such as creatine, 
arginine, and the guanidines yield urea in the presence of the 
enzymes, it has not been possible to compare the urea equivalent 
of the chromogenic substance in the filtrates with pure creatinine 
solutions. The presence of unknown quantities of these other 
substances which combine with the enzyme also makes it impos- 
sible to compare the rate of decomposition of the chromogenic 


* These experiments were performed by the technique outlined in the 
first section of ‘“Methods.’’ 
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substance with equivalent amounts of pure creatinine. Such 
evidence might be desirable but, in view of the extreme specificity 
represented by the two distinct enzyme systems, it does not seem 
essential. Even if one should grant the assumption that the NC 
enzyme decomposes a chromogenic substance in blood in addition 
to creatinine, it would appear extremely unlikely that the entirely 
different HR enzyme would decompose creatinine and also the very 
same chromogenic compound. 

The analysis of the chromogenic substance of plasma by the 
dinitrobenzoic acid reagent corroborates the results obtained by 
the specific enzymes. This reagent gives a fairly specific color 
test for creatinine. It is important that it yields approximately 
the same values for the chromogenic substance as do the specific 
enzyme methods with entirely different reagents. 

Our results with the dinitrobenzoic acid reagent are not in 
agreement with those obtained by Benedict and Behre. This diver- 
gence is probably explained by Bolliger’s statement (1936) that 
“the inability of Benedict and Behre to obtain in blood filtrates 
colours comparable with a suitable standard lies in the fact that 
their dinitrobenzoic acid was not sufficiently pure... impurities 
may give in the blank only a slight yellowish-brown color reaction, 
but they interfere most seriously with the determination of 
creatinine in blood filtrates.’”’ Langley and Evans in addition to 
Polliger obtained the dinitrobenzoic acid reaction in blood filtrates 
and employed it to determine “creatinine.’’ Their results were 
very far below those obtained by the alkaline picrate method, 
even when one subtracts the non-creatinine chromogenic material. 
Our results show that the dinitrobenzoic acid and the picric acid 
methods give close agreement when used with the more precise 
spectrophotometric technique. It seems reasonable that the low 
values obtained by these workers were due to difficulties in their 
colorimetric techniques. 

That two color reactions, each with highly different sensitivities 
for compounds closely related to creatinine, give the same cre- 
atinine values in blood filtrates presents significant evidence for 
the identity of the chromogenic material and creatinine. The 
more specific results obtained with the two independent enzyme 
preparations also lead to the same conclusion. That the exact 
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agreement obtained by the three procedures may be fortuitous 
seems to us extremely unlikely. 

It is assumed that the presence of creatinine in tungstic acid 
filtrates of plasma or blood indicates the presence of the same 
compound in the plasma or blood itself. It seems extremely 
doubtful that the mild chemical manipulations involved in the 
preparations of such filtrates would change a precursor into 
creatinine. Furthermore, we have also shown that the same 
results may be obtained with the chromogenic material in spinal 
fluid, which represents a perfectly natural type of ultrafiltrate. 


SUMMARY AND CONCLUSIONS 


Experiments have been performed to determine the nature of 
the chromogenic material (‘‘apparent creatinine’’) in human blood. 

Two enzymes, each possessing a high degree of specificity for 
creatinine as compared with other Jaffe-reactive compounds, 
have been employed in this study. Each enzyme decomposes 
almost all the chromogenic material in normal plasma and about 
half of the quantity found in erythrocytes. 

A spectrophotometric method is described for use with dinitro- 
benzoate, a reagent which reacts more specifically with creatinine 
than does alkaline picrate (Jaffe’s reagent). This method indi- 
cates the presence of creatinine in plasma, and also gives cre- 
atinine values which are equivalent to those obtained by the 
alkaline picrate method. 

Because of the specificity of the above methods, and the fact 
that they all indicate identity of the chromogenic material and 
creatinine, it is concluded that true creatinine exists in human 
blood. It is concluded also that creatinine constitutes almost all 
of the chromogenic material in normal plasma. 
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DETERMINATION BY A SPECIFIC, ENZYMATIC METHOD 
OF THE CREATININE CONTENT OF BLOOD AND URINE 
FROM NORMAL AND NEPHRITIC INDIVIDUALS 


By BENJAMIN F. MILLER ann RENE DUBOS 


(From the Hospital of The Rockefeller Institute for Medical Research, 
New York) 


(Received for publication, July 23, 1937) 


In the preceding paper evidence for the existence of creatinine 
in human blood has been presented. Most of this evidence was 
obtained by means of enzymes capable of attacking creatinine 
specifically. It was demonstrated that the Jaffe-reactive mate- 
rial which is decomposed during incubation with the enzyme 
preparations represents true creatinine. Thus creatinine may be 
determined by a specific analytical technique, and differentiated 
from the “‘chromogenic material’ or ‘‘apparent creatinine” given 
by the methods available hitherto. 

In the present paper this specific method is more fully described 
and applied to the determination of creatinine in serum, plasma, 
and erythrocytes from normal individuals. Analytical data are 
also reported for creatinine in normal urine, and in blood and 
urine from several patients with impaired renal function. 


Materials 


The source and preparation of the blood filtrates and the spinal fluids 
were described in the preceding paper (Miller and Dubos (1937)). Fresh 
urine samples without preservatives were employed. Before analysis, the 
fluids are diluted, if necessary, to contain about 0.002 mg. of creatinine 


per ce. 
Method 
The method depends on the determination of the creatinine equivalent 


of the fluid with alkaline picrate before and after incubation with the 
enzyme preparation. The difference represents the true creatinine. 


' The results given in this paper have been obtained largely with the NC 
enzyme preparation (Dubos and Miller (1937)). 
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Alkaline picrate is preferable to dinitrobenzoic acid as the color reagent 
because it is more stable and also gives greater light absorption per unit 
increase of creatinine concentration. 

A very sensitive instrument must be employed for estimation of the low 
concentration of residual chromogenic material. In these experiments a 
Pulfrich stufenphotometer proved satisfactory; very likely a suitable 
photoelectric instrument would serve equally well. 

(a) Determination of Total Chromogenic Substance—To 8 cc. of the fil- 
trates or other fluids are added 4 cc. of alkaline picrate,? and the mixture is 
allowed to react for 10 minutes. The creatinine equivalent is then deter- 
mined in the stufenphotometer with 30 mm. cups and the S50 light filter. 
The balancing cup contains 8 cc. of HO and 4 cc. of alkaline picrate. The 
creatinine equivalent is most readily obtained from a semilogarithmic 
calibration chart which relates percentage transmission of light to concen- 
tration of creatinine. The calibration is derived from analyses on pure 
creatinine solutions. 

(b) Determination of Non-Creatinine Chromogenic Material—The 
enzyme preparation is standardized shortly before use by the method pre- 
viously described (Dubos and Miller (1937)). An amount of enzyme 
preparation capable of decomposing about 20 times the weight of creatinine 
in the sample is suspended in a volume of 2 cc. This volume of cells is 
added to 10 cc. of the filtrate, diluted urine, or other fluid. After the 
addition of 0.5 cc. of m phosphate buffer, pH 7.0, made according to Green 
(1933), the mixture is incubated in an unstoppered 125 cc. flask for 30 to 90 
minutes. The time of incubation may be varied according to the strength 
of the enzyme preparation. 

After incubation, the bacterial cells are removed by centrifugation at 
high speed. 1 volume of alkaline picrate is added to 2 volumes of the clear 
supernatant fluid, and the mixture allowed to react for 10 minutes. The 
creatinine is then determined in the stufenphotometer. A control sample 
of 10 cc. of water, 2 ec. of cells, and 0.5 cc. of buffer is treated in the same 
way and serves as the balancing solution in the stufenphotometer. 

(c) Calculation of True Creatinine Concentration—The concentration of 
residual chromogenic substance (b) is corrected for the dilution. This 
value subtracted from the total chromogenic material obtained by (a) 
gives the true creatinine concentration. 

Accuracy of Method—The chief errors in the method come from measure- 
ment of the residual chromogenic substance. If this value is large, the 
creatinine is obtained by the subtraction of two relatively large numbers. 
In such a case the error may be fairly large. This may be overcome to a 
considerable extent by determining the residual chromogenic substance in 
triplicate. It is well also to set up three controls with H,O and carry them 
through the entire analysis. At the end they should be combined and a 
portion used in the balancing cup of the stufenphotometer. Such a pro- 


* The alkaline picrate consists of 5 volumes of a saturated solution of 
carefully purified picric acid and 1 volume of 10 per cent sodium hydroxide. 
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cedure helps equalize slight differences in turbidity which may exist be- 
tween the individual samples. 

If the residual chromogenic material is small, the precision of the analysis 
depends upon the accuracy of the readings in the photometer. These 
readings, especially for the total chromogenic material, rarely differ by 
more than 3 percent. With ample serum available for the estimation, it is 
believed that the method has an accuracy of about 5 percent. The deter- 
mination on urine is more precise because the residual chromogenic material 
is almost invariably a small fraction of the total. 


TaBLe I 
True Creatinine in Plasma, Serum, and Spinal Fluid of Normal Individuals 
Residual chro- 
Sample ral aft ter True creatinine 
enzyme 
mg. per 100 cc. | mg. per 100 cc. | mg. per 100 ce. per cent 
0.62 0 0.62 100 
0.85 0 0.85 100 
1.20 0.10 1.10 92 
1.34 0.23 1.11 83 
1.28 0.24 1.04 81 
1.16 0.06 1.10 95 
Plasma 1.00 0.10 0.90 90 
1.02 0.15 0.87 85 
1.07 0.20 0.87 81 
1.23 0.19 1.04 85 
1.15 0.20 0.95 83 
1.18 0 1.18 100 
1.26 0.02 1.24 98 
1.09 0.04 1.05 96 
0.87 0 0.87 100 
Average, plasma and 
Spinal fluid........... 0.94 0 0.94 100 
1.25 0 1.25 100 
Results 


Determination of Creatinine in Blood Filtrates and Spinal Fluids— 
The results of analyses on plasma and serum filtrates obtained from 
fourteen normal adults are given in Table I. Included with these 
are a few analyses on normal spinal fluids. In several cases the in- 
dividual results represent the average of three to four sera obtained 
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from the same person during experiments lasting a few hours, 
The results in Table I demonstrate that true creatinine constitutes 
the largest part of the Jaffe-reactive material in plasma and serum 
filtrates from normal individuals. In several instances creatinine 
was equivalent to 100 per cent of the chromogenic substance; the 
lowest value was 81 per cent. 

In Table II are given values for the creatinine in filtrates of 
erythrocytes. Here, as was anticipated from the work of Hunter 
and Campbell (1917), one observes a much lower percentage of 
true creatinine. The results with the specific enzymes confirm 
the discovery by these authors of considerable amounts of non- 
creatinine, Jaffe-reactive substance in erythrocytes. Even though 


TABLE II 
True Creatinine in Erythrocytes of Normal Individuals 


tion with enzyme 
mg. per 100 cc. mg. per 100 cc. mg. per 100 ce. per cent 
1.60 0.82 | 0.78 | 48 
2.24 1.22 | 1.02 | 45 
1.88 1.02 | 0.86 | 46 
1.54 0.98 | 0.56 | 36 
1.52 1.07 | 0.45 | 30 
2.04 1.31 | 0.73 | 36 
Average. . .1.80 1.07 0.73 | 40 


the total chromogenic material in erythrocytes considerably 
exceeds that in plasma, the fraction represented by true creatinine 
corresponds to the creatinine found in plasma. ‘That is, the true 
creatinine is distributed between cells and plasma in relation to 
their respective water contents. As shown in Tables I and If the 
ratio of the average true creatinine in erythrocytes and plasma is 
0.74. This approximates the ratio given for the water content of 
red cells and plasma by Van Slyke, Hastings, Murray, and 
Sendroy (1925). These results indicate that (1) endogenous 
creatinine probably penetrates the red cell membrane and (2) 
the chromogenic material described by Hunter and Campbell is 
concentrated almost entirely in the erythrocytes. Possibly this 
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same material constitutes the small quantity of residual chromo- 
genic material found in some plasma filtrates of normal individuals. 

Table III presents analyses of the creatinine and residual chro- 
mogenic material in plasma and serum of patients with reduced 
renal function. It is apparent that the absolute quantity of the 
chromogenic non-creatinine material may be tremendously aug- 
mented in such cases. For example, Patient 6 showed a residual 
non-creatinine material equivalent to 5.34 mg. per 100 cc. of 


TABLE III 


True Creatinine in Serum or Plasma from Patients with Reduced 
Renal Function 


23 
- | 45/358 
le le 
| 
“per cent |per 2 per 100, PS 
1 | Chronic nephritis; severe uremia <10 13.50' 3.1 10.4) 77 
2 preuremic state 15 6.75 0.56 6.19 92 
3 | Mild ‘6 mos. duration) | 40 1.33, 0.13 | 1.20) 90 
4 | Chronic ‘s (5 yrs. “ —) 30-40 4.90 0.44 | 4.46) 91 
5 severe uremia <5 8.90 1.66 7.24 81 
6 “ (16.9 | 5.34 |11.6 | 69 
7 20 2.150 2.1 | 100 
8 | Very mild nephritis 0.99 0.17 | 83 
9 | ? Periarteritis nodosa 20 9.50 0.68 | 8.82 93 


plasma; this value is in striking contrast to the highest value of 
0.24 mg. per 100 cc. obtained in normal individuals. It is of 
interest that Patients 1, 5, and 6 who showed the highest residual 
chromogenic material were all in profound uremia. On the other 
hand, Patients 2, 4, and 9 who had high true creatinine values and 
only moderately increased residual chromogenic substance were 
comparatively free of uremic symptoms. 

The results of analyses on urines from normal and nephritic 
human subjects are given in Tables IV and V. They show very 
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clearly that creatinine constitutes nearly 100 per cent of all the 
Jaffe-reactive material in the normal and abnormal urines. These 


TaBLe IV | 
True Creatinine in Urine from Normal Individuals 


| Residual chromogenic material | 


| after incubation with enzyme | 


mg. per 100 cc. mg. per 100 ce. per cent 


Total chromogenic material True creatinine 


170 | 12.3 | 93 
633 | 2.2 97 
227 5.2 | 98 
124 22 | 98 
171 | 0 | 100 
: 246 | 0 | 100 
140 1.0 99 
4 139 | 0 | 100 
91.3 | 4.0 95 
32.8 | 0 | 100 
14.4 1.4 90 
18.0 | 0 | 100 
TABLE V 
| True Creatinine in Urine from Patients with Diminished Renal Function 
| 
Patient No.* | T | after | True creatinine 
| | mg. per 100 cc. | mg. per 100 cc. per cent 
1 | 38.1 | 1.6 96 
2 34.3 | 0 100 
3 | 39.0 | 0 100 
0 100 
8 | 265.0 | 0 100 
Xt | 764.0 | 0 | 100 


* The numbers refer to Table III where the diagnoses and renal function 
values are given. 

+t This patient had chronic nephritis, mild uremia, and a urea clearance 
10 per cent of normal. 


results, especially in the urines from patients with very high 
plasma residual chromogenic substance, are surprising. 
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DISCUSSION 


The average value for true creatinine obtained in plasma and 
serum is in fairly good agreement with the results published for 
total chromogenic material by other authors (Wu (1922); Folin 
and Svedberg (1930)). This is not unexpected, because, as shown 
by the results with the specific enzyme technique, the non- 
creatinine material constitutes only a small fraction of the total 
chromogenic substance in the normal plasma. 

The presence in erythrocytes of large amounts of the non- 
creatinine chromogenic material found by Hunter and Campbell 
is fully confirmed by our results. In view of this fact, it seems 
desirable to discontinue the analysis of whole blood filtrates for 
“apparent creatinine,’ and to restrict such analyses entirely to 
plasma or serum. ‘The results would then be a fairly good approx- 
imation of the true values in normal individuals. If whole blood 
must be employed, then it would seem preferable to prepare the 
filtrates by a technique (Folin (1930)) which obviates the laking 
of the erythrocytes. Creatinine values obtained by this technique 
(Folin and Svedberg (1930)) agree reasonably well with those 
found by us for true creatinine in normal plasma. 

The results also indicate that the apparent creatinine in uremic 
blood may greatly exceed the true creatinine. The residual 
chromogenic material which reaches such high values in some 
cases may be related to the phenol bodies which are known to 
accumulate in uremia. The analytical results demonstrated the 
absence of the non-creatinine, chromogenic materials from normal 
and nephritic urines. This suggests that the kidneys do not 
remove these chromogenic substances from normal or nephritic 
plasma. It is true that the chromogenic substances may be 
altered or destroyed in the kidney, but this seems unlikely. The 
absence of this material from urine of patients with severe uremia 
may indicate a marked impairment in the renal excretion of toxic 
compounds. As mentioned previously, the cases showing the 
highest absolute values of the residual chromogenic material in 
plasma had the severest symptoms of uremia. Even in these 
cases the urines did not contain any of the residual chromogenic 
material, even though considerable creatinine was present. 
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SUMMARY 


A method is described for the specific, enzymatic determination 
of creatinine in body fluids. By this method, analyses were 
performed for the true creatinine in plasma, serum, erythrocytes, 
and urine from normal individuals and from patients with vary- 
ing degrees of diminished renal function. 

In normal individuals creatinine constitutes 80 to 100 per cent 
of the chromogenic material in serum or plasma, and 30 to 50 per 
cent in the erythrocytes. 

In plasma from uremic patients there may be large amounts of 
non-creatinine, chromogenic material. In several patients, the 
absolute amount of such material seemed to parallel the severity 
of symptoms of the uremic toxemia. 

In urines from normal humans, and from patients with reduced 
kidney function, creatinine constitutes nearly 100 per cent of the 
chromogenic material. 
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THE ISOLATION AND SYNTHESIS OF GLUCOSE-1- 
PHOSPHORIC ACID* 


By CARL F. CORI, SIDNEY P. COLOWICK, ann GERTY T. CORI 


(From the Department of Pharmacology, Washington University School of 
Medicine, St. Louis) 


(Received for publication, August 19, 1937) 


Glucose-l-phosphoric acid was first isolated from minced and 
washed frog muscle which had been incubated for } hour in phos- 
phate buffer containing small amounts of adenylic acid (2). 
Under these conditions part of the glucose-l-phosphoric acid 
(l-ester) was converted to hexose-6-phosphoric acid (6-ester), 
so that fractional crystallization of the brucine salts had to be 
resorted to as a means of separating the two esters. This rather 
tedious step in the preparation became unnecessary when it was 
found that the 1-ester was the main reaction product in a dialyzed 
muscle extract incubated with glycogen, inorganic phosphate, and 
adenylic acid' (3). Glucose-l-phosphoric acid has also been pre- 
pared synthetically (1). In the present paper are recorded experi- 
mental data concerning the preparation, synthesis, and properties 
of the 1l-ester. 


EXPERIMENTAL 


Preparation of Muscle Extract—The hind limbs of a rabbit are 
perfused with Ringer’s solution until most of the blood is re- 
moved. The muscles are excised and chilled in an ice-cold mortar 
in a cold room before being passed twice through a meat grinder; 
then they are mixed with an equal weight of ice-cold distilled 
water, triturated with a pestle, and extracted for 2 hours at 0° 


* A preliminary account was read before the meeting of the American 
Society of Biological Chemists at Memphis (1). This work was supported 
by a grant from a fluid research fund of Washington University School 
of Medicine. 

1The purpose of the dialysis is the removal of magnesium ions which 
accelerate the enzymic conversion of the 1- to the 6-ester. The dialysis also 
removes all but traces of organic phosphate compounds. 
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under occasional stirring. After sharp centrifugation the residue 
is extracted a second time with the same volume of distilled water. 
The combined extracts are dialyzed in collodion membranes for 
5 hours against running tap water of about 8° and for 12 hours 
against distilled water in the cold room. A globulin precipitate 
settles out which is removed by centrifugation or filtration.’ 

Small amounts of denatured protein continue to be deposited 
while the extract is standing in the refrigerator preserved with 
toluene. After an initial decrease, the phosphorylizing activity 
of the extract remains fairly constant, as shown in the following 
example in which the activity is expressed in arbitrary units: 
10 days, 4.7; 14 days, 4.0; 16 days, 3.7; 19 days, 3.6; 23 days, 3.5; 
28 days, 3.5. 

Preparation of 1-Ester from Muscle Extract—It is advisable to 
test the activity of the extract on a small scale before proceeding 
with the preparation of the l-ester. In this test 6 cc. of extract 
are mixed with 3 cc. of M/3 phosphate buffer of pH 7 containing 
50 mg. of glycogen and 0.2 mg. of adenylic acid. The mixture is 
incubated for 30 minutes at 25°% and is deproteinized by addition 
of 6 ec. of 2.5 per cent HgCl. in 0.5 n HCl. After centrifugation, 
removal of the excess Hg as HgS,‘ and aeration, the solution is 
made faintly alkaline to phenolphthalein by addition of Ba(OH).. 
This should be done without delay because of the instability of 
the l-ester in acid solution. The procedure previously described 
for the determination of hexosemonophosphate (4) is then fol- 
lowed. The reducing power before hydrolysis corresponds to the 
amount of 6-ester formed (which should be less than 10 per cent of 
the total esterification in an extract suitable for the above prepara- 
tion), while the increase in reducing power (and in inorganic P) 
after 10 minutes hydrolysis in N H2SO, corresponds to the amount 
of 1-ester formed.® 


2 The specific conductivity of such an extract is close to 2 K 10~4, the pH 
is about 6 as measured with a glass electrode, and the total nitrogen content 
is 1.8 to 2.0 mg. per ce. : 

3 An increase in the length of time of incubation and in temperature 
favors the formation of 6-ester. 

‘ If a considerable amount of glycogen is left, it prevents the flocculation 
of HgS, a condition which can be remedied by addition of solid HgCl:. 

5’ The amount of glycogen which disappears corresponds closely to the 
sum of the 1- and 6-esters formed. In an extract with good activity 30 to 40 
mg. of glycogen disappear in the above test in 30 minutes. 
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About 0.5 gm. of the barium salt of glucose-1-phosphate can be 


prepared by means of 100 cc. of extract to which are added 10 cc. 
of m phosphate buffer of pH 7, 750 mg. of glycogen,* and 3 mg. of 
adenylic acid. After 3 hour of incubation at 25° the proteins are 
precipitated by addition of 70 to 90 cc. of 2.5 per cent HgCle in 
0.5 N HCI and the solution is filtered on a Buchner funnel. The 
filtrate is treated with HS, filtered, and aerated. It is neutralized 
as soon as possible by rubbing successive portions with solid 
Ba(OH). in a mortar, the final adjustment to a faint pink 
(phenolphthalein) being made by addition of a saturated solution 
of Ba(OH 

The solution is centrifuged. Since the barium phosphate pre- 
cipitate includes a considerable amount of 1-ester, it is dissolved 
in the smallest required amount of N HCl, diluted to about 50 ec., 
and again treated with Ba(OH). until faintly alkaline to phenol- 
phthalein. The combined supernatant fluids are mixed with 1.5 
volumes of 95 per cent alcohol and the solution is placed in the 
refrigerator.’ A flocculent precipitate forms which is allowed to 
settle so that most of the supernatant liquid can be siphoned off. 

The precipitate of barium glucose-l-phosphate is centrifuged 
and drained; it includes small amounts of barium phosphate and 
carbonate, which are insoluble in water. The precipitate is ex- 
tracted twice with water, the insoluble residue is discarded, and the 
supernatant liquid is precipitated with 1.5 volumes of alcohol. 
This is repeated until a material almost completely soluble in 
water is obtained. Generally three to four solutions and pre- 
cipitations are required. The final precipitate is washed with a 
mixture consisting of 60 per cent ethanol and 40 per cent ether 
and with dry ether. The product is dried in vacuo and ground in 
an agate mortar. ‘The barium salt of glucose-l-phosphate so 
obtained is a white, non-hygroscopic, stable powder, easily soluble 
in water; it contains 3H:0 which cannot be removed completely 
at 115° in vacuo;® it is free of inorganic phosphate but may contain 


* Glycogen prepared by the method of Somogyi (5) was used. 

71 volume of alcohol is sufficient if the solution is kept standing over- 
night in the refrigerator, while 2 volumes are required if the solution is kept 
for only a short time before centrifugation. 

* Drying at higher temperatures leads to decomposition, making it 
impossible to carry out a direct determination of the water content. One 
preparation which had been kept for 4 months in a desiccator over CaCl, 
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small amounts of the barium salt of hexose-6-phosphate. A 
complete separation of the 1- and 6-esters as the brucine salts 
is made possible by the fact that upon cooling a hot methanol 
solution the former ester crystallizes much more rapidly than the 
latter. 

The 1-ester, since it does not possess a free aldehyde group, does 
not reduce alkaline copper or iodine solutions. It is almost com- 
pletely (97 to 99 per cent) hydrolyzed to glucose and inorganic 
phosphate when heated for 10 minutes in N H2SO, in the boiling 
water bath.? A phosphatase, prepared from intestinal mucosa, 
also splits the ester to glucose and inorganic phosphate. The 
[a], of the sugar obtained after the action of the phosphatase for 
18 hours at pH 7 and 25° (which resulted in a hydrolysis of 96.5 
per cent of the ester added) was +52.5°. In an experiment with 
acid hydrolysis the [a], of the sugar formed was +52.2°. The } 
sugars were completely fermentable by yeast and they gave a 
typical glucosazone. 

The following is an analysis of a preparation obtained by the 
action of minced frog muscle and purified as the brucine salt. 


Calculated Found 
C 16.05 16.29, 16 34 
H 
P 6.90 6.94, 6.91 Gravimetric 
Ba 30.6 30.4, 30.7 Method of King (6) 
Aldose 40.1 39.8, 40.2 Hypoiodite titration 


after acid hydroly- 
sis 
fa]? = +75.5° (for anhydrous Ba salt in water; concentration 1.26%) 
[a] * = +118° (for the free acid; concentration 1.01%) 


Synthesis of 1-Ester--Phosphorylation of a- £-2,3,4, 
6-tetraacetyl glucose with POC]; in dry pyridine was first tried, 
but was not successful. The action of silver phosphate on a-l- 
bromo-tetraacetyl glucose dissolved in various organic solvents was 
studied next. The expected product of the reaction, tri-(tetra- 
acetyl glucose-1)-phosphoric acid, was obtained in crystalline form 
in theoretical yield in the following way. - 


® We have not been able to prepare a sample of l-ester containing 100 per 
cent of easily hydrolyzable P. It seems possible that the 1 to 3 per cent of 
difficultly hydrolyzable P is not originally present but is formed during 
hydrolysis. 
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A solution of 10 gm. of dry acetobromoglucose in 30 cc. of ben- 
zene (dried by refluxing over sodium for 1 hour and distilled at 
79.1-79.4°) is shaken with 3.5 gm. (or slightly more than the 
theoretical amount) of freshly prepared silver phosphate!® until 
the latter is finely divided. The mixture is refluxed for 1 hour with 
occasional shaking, with a calcium chloride tube attached to the 
condenser. The silver salts are centrifuged off and are washed once 
with dry benzene. The combined benzene solutions, if not per- 
fectly clear, are centrifuged again; they are concentrated in vacuo 
at about 50° toa thick syrup. Upon further evacuation the syrup 
forms a foamy mass which crystallizes completely when left over- 
night in a high vacuum over CaCl. The yield is 8.9 gm. The 
substance is easily soluble in organic solvents (alcohol, ether, chloro- 
form, carbon tetrachloride) but only sparingly soluble in water." 

The preparation of glucose-l-phosphorie acid from the inter- 
mediate compound requires deacetylation and the splitting off of 
two sugar residues from the molecule. Several methods of de- 
acetylation (with barium hydroxide, sodium and barium methyl- 
ate,and ammonia in methanol) were tried, but they all caused some 
decomposition resulting in the formation of phosphorylized prod- 
ucts difficult to hydrolyze in acid and having a low specific 
rotation from which glucose-l-phosphoric acid could not be sep- 
arated. The following procedure gave the desired product in 
pure form in a yield of 25 to 30 per cent of the theory. 

To a 5 per cent solution of the intermediate substance in meth- 
anol is added the required amount of 5 Nn HCl to make a 0.2 N 
solution which is kept for 16 hours at 25°." The solution is made 


1° 1.19 gm. of Na,HPO, and 4.27 gm. of AgNO; are dissolved in 100 ec. of 
water each and the solution of the former is poured into the latter with 
vigorous stirring. The precipitate is collected on a Buchner funnel, washed 
with water, absolute alcohol, and dry ether, and dried in air. All these 
operations are carried out in subdued light. 


'' Three different preparations showed a P content of 2.74, 2.76, 2.73, | 


average 2.74 per cent; calculated for tri-(tetraacetyl glucose-1)-phosphoric 
acid (molecular weight 1088), 2.84 per cent. [a]> = +122° (0.97 per cent 
in methanol). It is assumed that this is the a form. 

12 During that time some inorganic P is formed, amounting to about 10 
to 15 per cent of the total organic P present, and the optical rotation of 
the solution shows a decrease to about 4/10 of the original value. After 
short periods of incubation (4 to 5 hours) the glucose-1-phosphate contains 
an admixture of the impurities mentioned in the preceding paragraph. 


THE JOURNAL OF BIOLOGICAL CHEMISTRY, VOL. 121, No. 2 


= 
s 
= 
Z 
ra 
‘ 
j 
4 
é 
is 
7 


470 (;lucose-1-Phosphoric Acid 


just alkaline to phenolphthalein by addition of a saturated solu- 
tion of Ba(OH): and cooled for several hours in the refrigerator. 
The precipitate is centrifuged off, drained, and extracted with 
several portions of water. The insoluble residue and the methyl] 
aleoholic mother liquor, although they include some 1-ester, are 
discarded. The combined aqueous extracts are precipitated with 
1 to 1.5 volumes of ethanol and this is repeated, as described in 
the preceding section, until a precipitate almost completely soluble 
in water is obtained. The final product, after washing with the 
alcohol-ether mixture and with ether, is dried in the vacuum 
desiccator; it contains 3H.-O and appears to be identical with 
the natural product as regards chemical and physiological prop- 
erties. 

In three different synthetic preparations of the barium salt 
the P content was 6.78, 6.95, 6.87, average 6.87 per cent. The 
glucose content (after acid hydrolysis) was 37.6, 37.5, 37.9, average 
37.7 per cent. Calculated for P and glucose, 6.90 and 40.1 per 
cent, respectively. [a]? = +76°, +74°, +75°, average +75° 
(for the anhydrous Ba salt in water). One preparation, after 
removal of Ba with the equivalent amount of HeSO,, gave an 
[a]? value for the free acid of +120°. The expected rotation 
due to the different molecular weights of the barium salt, ayid the 
free acid is 75° & 395/260 = +114°. 

The interaction of acetobromoglucose and silve er phosphate per- 
mits the entrance of the phosphoric acid group: only in ‘position 
(1) of the glucose molecule. Walden inversion, thougk’common 
in this type of reaction, does not seem to occur in the present case. 
The acetobromoglucose has a pyranoid structure. The synthetic 
product is therefore assumed to be a-glucopyranose-1-phosphoric 
acid. The natural product, which is formed by the disruption 
of the a-glucosidic linkages in the glycogen molecule through the 
entrance of the phosphoric acid group in position (1), would also 


~ 


18 An attempt has been made to prepare the corresponding 8 compound 
by interaction of 8-1-chloro-tetraacetyl glucose and silver phosphate. In 
one case in which Ba(OH), was used as the deacetylating agent, the barium 
salt of the phosphate ester was 99 per cent hydrolyzable during 10 minutes 
of heating in n H,SQO, and had an [a], = +9.7°. However, a repetition of 
the experiment with the method of deacetylation described above gave & 
product with an [a], of +69°. 
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be expected to have an a-pyranoid structure. Further work seems 
desirable in order to substantiate this structure. 

Hydrolysis in Acid—The rate of hydrolysis of the natural and 
synthetic esters was determined in 0.25 N HCl at 37° + 0.01%. 
The free ester was prepared by adding the exact equivalent of 
H.SO, to an aqueous solution of the barium salt. After removal 
of BaSO, by centrifugation, the ester solution was diluted one-half 
with 0.56 N HCl and distributed in small individual tubes which 
were stoppered and almost completely submerged in the bath. 
The inorganic phosphate and glucose formed during hydrolysis 


TABLE 
Hydrolysis of Natural and Synthetic Glucose-1-Phosphoric Acid in 0.25 N 
HCl at 37° 
K was calculated by means of the formula for a unimolecular reaction. 
Natural ester (0.193 mg. P per cc.) Synthetic ester (0.329 mg. P per cc.) 
Time Psplitoff | KX 103 | P split off | K X 108 | K X 108 
min per cent per cent per cent 
60 16.2 1.28 17.5 1 38 17.4 1.39 
120 29.2 1.23 30.3 1.21 30.4 1.25 
180 40.3 1.23 42.0 1.32 43 .4 1.50 
20 ~=~=C|_~—s«éO51..0 1.43 51.8 1.35 51.9 1.18 
300 59.2 1.17 59.6 1.27 60.6 1.44 
360 | 66.2 1.30 66.2 1.12 
1.27 1.30 1.30 


were determined by the Fiske and Subbarow (7) and the Shaffer 
and Somogyi (8) methods, respectively. 

As may be seen in Table I, there is no significant difference in 
the rate of hydrolysis of the natural and synthetic esters. The 
values for K remain constant (within the limits of error of the 


4 The acid concentration during the development of the color in the 
Fiske-Subbarow method is 0.5 n H,SO,. During the 10 or more minutes 
elapsing until the colorimetric readings are made, a small but measurable 
amount of the l-ester is being split, for which a correction should be applied 
if maximal accuracy is required. This correction is made on the basis of a 
determination of the velocity constant of the reaction at the prevailing 
room temperature. The values for inorganic phosphate in Table I have 
been so corrected. 
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methods used) up to 66 per cent of hydrolysis, showing that these 
preparations do not contain appreciable quantities of other phos- 
phate esters. The sugar phosphates hitherto described are more 
resistant to acid hydrolysis than the l-ester."° The glucose-6- 
phosphoric acid, in particular, with which the 1-ester is most likely 
to be contaminated, is not measurably hydrolyzed under the con- 
ditions specified in Table I. Consequently, this ester, if present, 
will cause a falling off of the value of K as the hydrolysis of the 
l-ester progresses. 

Robison (9) found that the rate of hydrolysis of glucose- and 
mannose-6-phosphoric acid did not rise with an increase in H ion 
concentration; almost identical values were obtained for the autol- 
ysis of the free esters and for their hydrolysis in 0.1 N and 1.0 
N sulfuric acid. Robison explained these results by assuming 
that these aldose esters can exist in aqueous solution in two forms, 
perhaps as furanose and pyranose derivatives, and that the ad- 
dition of acid favored the formation of the more stable pyranoid 
form. As further evidence for the existence of dual forms Rob- 
ison cites the fact that a rise in optical rotation occurs when the 
esters are liberated from their salts. Glucose-l-phosphoric acid 
does not behave in this way; its rate of hydrolysis rises with an 
increase in H ion concentration and the specific rotation of the 
free ester corresponds closely to that calculated from its barium 
salt. 

Dissociation Constants—-The apparent first and second dissocia- 
tion constants of orthophosphoric acid and of natural and syn- 
thetic glucose-l-phosphoric acid were determined by electro- 
metric titration, with a glass electrode assembly which gave 
readings to 0.5 millivolt. The pK’; was calculated by means of 
Van Slyke’s (10) formula for strong acids, 


(H*) (B + [H*}) 
C — (B + [H*]) 


Ki = 


the pK’, by means of the Henderson-Hasselbalch equation, pK’. 
A 0.1 Mm solution of the free ester was prepared by treating the 


16 The only naturally occurring organic phosphate more easily hydro- 
lyzed in acid is phosphocreatine. 
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barium salt with the exact equivalent of sulfuric acid. 10, and 
in some cases 8 and 5 ee. of the ester solution were titrated with 
0.1 Nn COe-free NaOH. On repeating each of the determinations 
closely agreeing values were obtained. 


| 


| 
0 2 4 6 8 10 12 14 16 18 


cc 0.1 N NaOH 


Fic. 1. Titration of 10 ce. of 0.1 m acid at 30°. Curve I, orthophosphoric 
acid. Curve II, glucose-l-phosphoric acid, crosses representing values for 
the natural product and dots for the synthetic product. 


Fig. 1 shows that glucose-l-phosphoric acid is a stronger acid 
than orthophosphoric acid, in agreement with previous results 
obtained on other naturally occurring phosphate esters (11), 
and that the natural and synthetic products give the same titra- 
tion curve. 
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The following average values were obtained (for an initial con- 
centration of the acid of 0.1 M and a temperature of 30°). 


pK, pK, 

Orthophosphoric acid.................. 2.03 6.82 
Glucose-l-phosphoric acid (natural)... __. | 6.13 
1.10 6 13 
Hexose-6-phosphorie acid (11)... 0.97 6 11 


Biological Behavior—It has been shown previously (3) that 
natural glucose-l-phosphoric acid is converted to glucose-6- 
phosphoric acid and then to the equilibrium or Eembden ester by 
an enzyme system present in muscle and that magnesium ions 
accelerate this conversion. The kinetics of this reaction will be 
dealt with in a later paper; at present we merely wish to show that 
the biological behavior of the synthetic product is the same as that 
of the natural product. 

In the following experiment Embden ester (which consists of 
an equilibrium mixture of glucose-, fructose-, and mannose-6- 
phosphate) was isolated as the barium salt after incubation of a 
dialyzed rabbit muscle extract with synthetic glucose-1-phos- 
phoric acid. 

To 35 ec. of a dialyzed muscle extract (prepared as described 
earlier in this paper) was added the equivalent of 70 mg. of the an- 
hydrous barium salt of the l-ester, the barium having been re- 
moved by NaeSQ,. After incubation for 3 hours at 25°, during 
which time almost all of the added 1l-ester had disappeared, the 
solution was deproteinized with HgCl. The barium salt was 
isolated and purified by repeated solutions in water and precipi- 
tations with alcohol. The final product, after drying in a high 
vacuum, weighed 41.9 mg., corresponding to 60 per cent of the 
l-ester added. | 

[a], = +34° (for the free acid in water, concentration 0.58 
per cent). Hydrolysis in N HCI at 100° gave the following values 
for the velocity constant (K X 10%): 30 minutes 1.82, 60 minutes 
0.63, 120 minutes 0.60, 180 minutes 0.33, 300 minutes 0.24. The 
final value agrees with that given by Lohmann (12). The falling 
off in the value of K is due to the fact that the aldose components 
of the Embden ester are much more difficult to hydrolyze in acid 
than the fructose component. A determination of the latter by 
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means of @he Seliwanoff reaction as modified by Roe (13) showed 
that 17 per cent of the total esterified hexose was fructose. This 
is lower than the value reported by Lohmann and the initial rate 
of acid hydrolysis is correspondingly lower; it seems obvious, 
however, that a constant composition of the isolated Embden 
ester is not to be expected. 

The accelerating effect of magnesium ions on the conversion of 
synthetic l-ester to 6-ester in a dialyzed muscle extract is shown in 
Table II. 

In a non-dialyzed or in a dialyzed and reactivated muscle 
extract glucose-l-phosphoric acid is fermented to lactic acid. 


TABLE II 
Effect of Magnesium Ions on Conversion of 1- to 6-Ester 


A solution of synthetic glucose-l-phosphoric acid (as the sodium salt), 
containing 0.714 mg. of easily hydrolyzable P per cc., was mixed with an 
equal volume of a dialyzed and 10-fold diluted rabbit muscle extract. 


The temperature was 23°. 


0.2 mg. magnesium added per cc. 


No magnesium added 


Period of Easily hydrolyz- ‘ Easily hydrolyz- | ; 
incubation able P Conversion able P | Conversion 


min. mg. per cc. per cent mg. per cc. | per cent 
0 0.357 0 
15 0.335 | 23 
30 0 318 | 
45 16.8 0.139 61.2 


The following experiment with synthetic l-ester may serve as an 
example. To 2 cc. of frog muscle extract, dialyzed for a short 
time, were added 1 cc. of M/3 phosphate buffer pH 7.2, 1 mg. of 
adenosinetriphosphate, and 1 ec. containing 1.2 mg. (as hexose) of 
synthetic magnesium glucose-1-phosphate. The mixture was incu- 
bated for 1 hour at 29° and deproteinized by addition of HgCle. 
The results in mg. of lactic acid per 4 cc. of mixture were as follows: 
initial 0.74, after 1 hour without substrate 0.74, after 1 hour with 
substrate 1.56. ((1.56 — 0.74) X 100) /1.2 = 68 per cent of added 
glucose-1-phosphoric acid converted to lactic acid. 

The good agreement in a number of chemical and biological 
properties justifies the conclusion that the synthetic ester is 
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identical with the ester isolated from muscle extract gs the first 
product of glycogen degradation. 


SUMMARY 


1. The isolation of glucose-1-phosphoric acid, produced by the 
action of dialyzed muscle extract on glycogen, and the synthesis 
of this compound by the interaction of acetobromoglucose and 
silver phosphate have been described. An elementary analysis 
of the barium salt agrees with the composition CsH,O;PO0,- 
Ba-3H.0. 

2. The ester is non-reducing. After 10 minutes in N sulfuric 
acid at 100°, 97 to 99 per cent of the ester is hydrolyzed to reducing 
sugar and inorganic phosphate, which permits its determination 
in the presence of other phosphate esters. The sugar formed by 
acid hydrolysis or by the action of an intestinal phosphatase has 
a specific rotation corresponding to that of glucose. 

3. The natural and synthetic products agree with respect to 
the following values: (a) [a]? = +75° (for the anhydrous Ba salt 
in water), [a]” = +120° (for the free acid); (b) the velocity con- 
stant for hydrolysis in 0.25 nN HCI at 37° = 1.30 & 10~% (for both 
glucose and inorganic P formed); (c) apparent dissociation con- 
stants, pK; = 1.1, pK; = 6.13. A consideration of the structural 
possibilities suggests that the compound is a-glucopyranose-l- 
phosphoric acid. 

4. The behavior of the natural and synthetic glucose-1-phos- 
phorie acid, when added to muscle extract, is the same in regard 
to conversion to hexose-6-phosphoric acid (Embden ester) which 
was isolated as the barium salt, in regard to the effect of mag- 
nesium ions in accelerating this conversion and in regard to fer- 
mentation to lactic acid. 


The authors wish to thank Dr. 8. A. Thayer of the Department 
of Biochemistry, St. Louis University, for the C and H analyses. 


BIBLIOGRAPHY 


1. Cori, C. F., Cori, G. T., and Colowick, 8. P., Proc. Am. Soc. Biol. 
Chem., 8, xix (1937) (J. Biol. Chem., 119 (1937)). 

2. Cori, C. F., and Cori, G. T., Proc. Soc. Exp. Biol. and Med., 34, 702 
(1936). 


4 
¢ 
3 
ty 
| 
| 
i | 
] 
j 
j 
i 
7 
| 
3 
oe 
| 
+. 
4 


— 


Cori, Colowick, and Cori 477 


. Cori, G. T., and Cori, C. F., Proc. Soc. Exp. Biol. and Med., 36, 119 


(1937). 


_ Cori, G. T., and Cori, C. F., J. Biol. Chem., 94, 561 (1931-32). 
_ Somogyi, M., J. Biol. Chem., 104, 245 (1934). 


King, E. J., Biochem. J., 26, 586 (1932). 
Fiske, C. H., and Subbarow, Y., J. Biol. Chem., 66, 375 (1925). 
Shaffer, P. A., and Somogyi, M., J. Biol. Chem., 100, 695 (1933). 


. Robison, R., Biochem. J., 26, 2191 (1932). 


Van Slyke, D. D., J. Biol. Chem., 62, 525 (1922). 


. Meyerhof, O., and Lohmann, K., Biochem. Z., 186, 113 (1927). 


Lohmann, K., Biochem. Z., 194, 306 (1928). 


. Roe, J. H., J. Biol. Chem., 107, 15 (1934). 


3 
| 5 4 
| 6. 
| 
0 
| | 
Bee 
| 
] 
| 
| 
| 
| 
| 
} 


4 i 
ack 
3 
| 
=> 
4 
&. 
2 ot 
4 
Ca 
3 
4 
3 
4 
> 
4 
= 
2 
i 
§ 
‘ 
= 
¥ 


THE EFFECT OF SUPPLEMENTARY METHIONINE AND 
CYSTINE ON THE PRODUCTION OF FATTY 
LIVERS BY DIET 


By HELEN F. TUCKER* anp H. C. ECKSTEIN 


(From the Department of Chemistry, Skidmore College, Saratoga Springs, 
New York, and the Department of Biological Chemistry, Medical School, 
University of Michigan, Ann Arbor) 


(Received for publication, August 11, 1937) 


In a continuation of their work on the lipotropic action of 
various diets, Channon and Wilkinson (1) reported that the lipid 
content of livers of rats fed a diet containing 5 per cent casein and 
40 per cent fat was approximately 20 per cent higher than that of 
rats to whose diet casein was added at a level of 30 per cent, the 
fat content remaining constant. In a later paper Beeston and 
Channon (2) demonstrated that small amounts of cystine (0.05 
to 1.0 per cent) added to the high fat-low casein diet produced an 
increase in the amount of liver fat to the extent of 50 per cent of 
the wet weight of the liver with a corresponding 25 per cent in- 
crease in the wet weight of the liver. These later results were 
unexpected, since the experiments of Channon and Wilkinson (1) 
would indicate the probability of an increased lipotropic action 
due to the greater cystine content of the diet with the higher level 
of protein. 

In view of this anomalous effect of dietary cystine, it seemed 
desirable to repeat the work of Beeston and Channon and to 
determine whether methionine, the other sulfur-containing amino 
acid of proteins, would have the same effect as cystine when added 
as a supplement to the high fat-low casein diet. The methionine 
studies should be of peculiar interest in view of the many lines of 
evidence which indicate that cystine and methionine function 
similarly in metabolism (3). . 

* Helen F. Tucker wishes to express her appreciation to the Horace H. 


Rackham School of Graduate Studies, University of Michigan, for extend- 
ing guest privileges to her in the Department of Biological Chemistry. 
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Male rats weighing approximately 150 to 200 gm. were used in 
all experiments. The diets are shown in Table I. These were 
supplemented by the daily addition of one dried yeast tablet 
(approximately 400 mg.) and 2 drops of cod liver oil. Diets 1 and 
2 were essentially the same as those of Beeston and Channon (2) 
except that lard was substituted for beef drippings, marmite was 
omitted, agar was added, and a constant amount of cystine (0.5 
per cent) was added in Diet 2 instead of the variable amounts fed 
in their experiments. Diet 3 was similar to Diet 2 except that 
0.5 per cent methionine was substituted for the cystine. 

After 18 to 19 days on the experimental diets, the rats were 
killed by decapitation. The fat content of the livers was deter- 


TaBLe 
Experimental Diets 


per cent per cent per cent 
Salt mixture (Osborne and Mendel (4))..... 5.0 5.0 5.0 


mined by the method of Best, Channon, and Ridout (5) with the 
slight modification at the end that the combined extracts were 
evaporated to a small volume and then taken up in petroleum 
ether (b.p. 30-60°). This last step seemed desirable in order to 
avoid the inclusion of contaminating pigments. 

Table II shows the averages of the results obtained in Series 
I when Diets 1 and 2 were fed. These data are similar to those 
reported by Beeston and Channon (2). We have thus confirmed 
the observation that, when cystine is added to a diet low in casein 
and high in fat, the amount of fat in the liver is markedly increased. 
The average fat content of the livers of rats on the 5 per cent casein 
diet was 26.8 per cent as compared with 40.9 per cent for the ani- 
mals fed the same diet supplemented with 0.5 per cent cystine. 
The administration of this amount of cystine has thus resulted 
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in the increase in the liver fat of 52 per cent with a corresponding 
increase in the weight of the liver of 25 per cent. The latter value 
is expressed in terms of the 100 gm. rat. 

Table III shows the similar data obtained for individual rats in 
Series II which included experiments with both methionine and 
cystine. As in Series I, the livers of rats receiving added cystine 
(Diet 2) contained more fat than those of rats fed the control diet 
which contained neither added cystine nor methionine (Diet 1). 
These data are more significant than those presented in Table II 
because in contrast to the animals of Series I, all of the rats of 
Series II gained weight. On the other hand, the livers of rats 
fed Diet 3, which contained methionine, contained less fat than 


TABLE II 
Influence of Supplementary Cystine on Lipid Content of Liver (Series 1) 


The figures in parentheses show the ranges of values with the individual 
rats. The lipid content of the liver is calculated on the basis of the moist 


weight. 


Die No. of | Daily food a 
iet mn og Change in weight aily 
No. rats intake Weight Weight per Total lipids 
per cent gm. gm. gm. per cent 
1 6 —3.9 6.4 7.8 5.7 26.8 
(—10.9 to +6.2)) (5-7.5) | (5.3-10.8) (3.6-8.4) (15.4-38.4) 
2 5 7.6 7.0 11.1 fe 40.9 
(—3.5 to +15.4) (6-8.3) |(10.8-11.7) (6.5-8.0) (88.2-43 9) 


those of either of the other groups of Series II. The differences 
are significant enough to warrant the belief that under the condi- 
tions of our experiment the two known sulfur-containing amino 
acids, when added to the diet, exerted opposite effects on the fat 
metabolism of the liver. Thus, the average value for the liver 
fat of rats fed the diet supplemented with cystine was 33 per cent, 
as compared with 11 per cent, the average value obtained when 
methionine was the supplement. In this particular series of rats 
on the basal, unsupplemented diet, the liver fat was approxi- 
mately 20 per cent. These results show a 62 per cent liver fat 
increase associated with cystine feeding with a corresponding 24 
per cent liver weight increase, as compared with a 46 per cent 
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decrease in liver fat associated with the methionine feeding, 
together with a corresponding decrease in liver weight of 27 per 
cent, referred to the 100 gm. rat as a basis. 


III 


Influence of Supplementary Cystine and Methionine on Lipid Content of 
Liver (Series IT) 


Liver 
Weight | gm. rat | lipids 
per cent gm. gm. gm. per cent 
1 1 7.7 12.7 8.4 4.0 23 3 
2 7.7 11.2 7.5 3.6 10.8 
3 1.2 12.4 7.7 4.3 20.0 
4 12 9.1 8.6 5.3 28 3 
5 8.8 11.8 7.3 3.8 18.9 
6 0.9 12.4 7.8 4.1 21.1 
4 6 11.6 7.9 4.1 20.4 
2 7 14.8 12.3 8.9 4.1 30.2 
13.4 10.8 8 2 3.9 24.4 
9 19.0 11.8 12.8 6.0 38.6 
10 14.2 10.6 8 8 4.1 27.4 
11 10.6 12.4 11.0 5.6 38.4 
12 4.6 12.1 12.3 6.8 39.2 
12.7 11.7 10.4 5.1 33.0 
13.0 12.5 7.0 3.1 11.8 
| i 9.1 11.2 7.4 3.4 14.2 
eS 19.0 13.2 6.3 2.9 8.8 
| wes 5.5 29 11.2 
17 ss | wes | 63 3.0 9.2 
| 18 27 11.3 
| 
11.8 | ns. |. 42 3.0 11.1 


In confirmation of the studies with methionine, a third series 
of experiments was carried out in which a comparison was made 
between Diets 1 and 3 (Series III). In Series III the average fat 
content of the livers of five rats on Diet 1 was 18.9 per cent, as 
compared with 11.9 per cent, the average value of the fat content 
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of the livers of six rats on Diet 3. As in Series I, the animals on 
Diet 3 gained in weight to a greater extent than those on Diet 1. 
The average weight of the livers of the rats on Diet 1 in Series III 
was 7.8 gm. as compared with an average of 6.9 gm. for those on 
Diet 3. If these latter values are expressed in terms of the 100 
gm. rat, they will show that the liver weight is 15 per cent less and 
the liver fat 37 per cent less than the corresponding values for the 
animals on Diet 1. 

We have no explanation to offer for this marked difference 
between the effects of the dietary supplements, cystine and meth- 
ionine, on the fat content of the liver, but we wish to call attention 
to certain differences in the content and ratios of these two amino 
acids in our diets and those of Channon and coworkers. When 
the protein content (casein) of the diet is increased from 5 to 30 
per cent, as in the experiments of Channon and Wilkinson, there 
is a 6-fold increase in both the cystine content and the methionine 
content. On the other hand, when a 5 per cent casein diet is 
supplemented by 0.5 per cent cystine, there is approximately a 
30-fold increase in the cystine content of the diet as compared with 
only a 4-fold increase in the methionine content when 0.5 per cent 
methionine is substituted for the cystine. When Channon and 
Wilkinson changed the diet from 5 per cent to 30 per cent casein, a 
change involving a 6-fold increase in both cystine and methionine, 
a definite decrease in the content of liver fat took place (20 per 
cent). In our experiments, when the diet was changed from 5 per 
cent casein to 5 per cent casein plus 0.5 per cent methionine, a 
change involving only a 4-fold increase in methionine, the cystine 
content remaining constant, there was a 41 per cent decrease in 
the fat content as compared with the 20 per cent decrease reported 
by Channon and Wilkinson. The 41 per cent decrease referred 
to above is the average value obtained in Series II and III. If, 
however, the cystine content was increased approximately 30-fold, 
with the methionine remaining constant, the percentage of liver 
fat is markedly increased; 7.e., an increase of 50 per cent was 
reported by Beeston and Channon as compared with 52 and 62 per 
cent (average 57 per cent in our Series II and III). It would 
seem, therefore, that the 20 per cent decrease in the liver fat 
obtained by Channon and Wilkinson on diets containing 30 per 
cent casein is a resultant effect of the simultaneous opposing in- 
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fluences of the cystine and methionine of the diet, the former tend- 
ing to increase the liver fat content and the latter tending to 
decrease it. Since casein contains approximately 0.3 per cent 
cystine and 3.2 per cent methionine, the ingestion of a higher level 
of this protein results in a marked increase in the absolute amount 
of dietary methionine. The effect of this increased amount of 
protein methionine is one of decreasing the liver fat in a manner 
similar to that observed when 5 per cent casein is supplemented 
with methiorine. 


SUMMARY 


1. When a diet containing 5 per cent casein and 40 per cent 
lard is supplemented with 0.5 per cent cystine, the total lipid 
content of the rat livers is 57 per cent more than when the cystine 
is omitted. This confirms the observations reported by Beeston 
and Channon. 

2. When a diet containing 5 per cent casein and 40 per cent lard 
is supplemented with 0.5 per cent methionine, the total lipid con- 
tent of the rat livers is 41 per cent less than when methionine is 


omitted. 
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THE STORAGE OF LIPID EXTRACTS* 


By ELDON M. BOYD 


(From the Department of Pharmacology, Queen’s University, Kingston, 
Canada) 


(Received for publication, August 23, 1937) 


The determination of lipids in biological material occupies a 
position distinct from that of many other biochemical procedures 
in that the complete estimation need not be performed immedi- 
ately upon receipt of the specimen to be analyzed. After an 
aliquot of the material has been weighed or measured and the 
lipids extracted with alcohol or with a mixture of alcohol and 
ether, the extract may be stored and analyzed later when 
convenient. Bloor stated in 1916 (1) that, “The filtered liquid if 
placed in a tightly stoppered bottle in the dark will keep un- 
changed for a considerable time.’’ No systematic attempt has 
been made to determine exactly how long extracts of lipids may 
be stored without changes, if any, being found in the subsequent 
detailed analysis. This was the point studied in the present in- 
vestigation. 

In order to duplicate exactly conditions which prevail in the 
routine storage of extracts, the following procedure was adopted. 
To each of six flasks containing 75 cc. of alcohol-ether were added 
3 cc. of a sample of human plasma and extracts thus prepared after 
the method of cold dilution of Boyd (2). The further analysis 
of one of these extracts was immediately begun and the remainder 
of the extracts was stored and analyzed later at intervals up to 
l year. Analysis of the extracts was performed by the oxidative 
microtechnique of Bloor as modified by Boyd and used in previous 
studies (2). The extracts not immediately analyzed were stored 
upon a laboratory shelf at room temperature and exposed to 
light. Another set of extracts was made from the same sample 

* This work was aided financially by the Alice F. Richardson Fund of the 
Kingston General Hospital. 
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of mixed human plasma and these were stored in a laboratory 
cupboard, at room temperature and in the dark. A third set was 
stored in the refrigerator. These three sets of extracts had all 
been made with the usual 3:1 mixture of alcohol and ether. A 
second series of three sets of six extracts each was then made with 
95 per cent alcohol in place of alcohol-ether as the lipid solvent 
and stored under corresponding conditions. All of the above ex- 
tracts were filtered previous to their storage. Finally, the above 
process was duplicated but this time the extracts were stored 
without filtering off the protein precipitate. This entire process 
was duplicated with a second sample of mixed human plasma. A 
total of 154 extracts was made and these yielded over 1500 lipid 
values upon subsequent analysis. In this manner it was antici- 


TABLE I 
Mean Changes in Lipid Content of All Extracts on Storage 
Standard 
1 wk. Imo. | 3 mos. 6 mos. yr. 
means 
per cent per cent | percent) percent per cent | per cent 
Fa +3.9 | +16.9 | +20.1 | 424.7 
Total fatty acids....... 2.9 0.0} +1.1 00; —1.4| +0.4 
cholesterol....... 2.3 +48] -64; -—8.0 
Ester 5.9 +1.1}+3.3)} -3.3 | —12.0 | —19.6 
Free 3.4 +15.1! 49.1) +3.0) 415.2 | 424.2 
Phospholipid...........| 4.2 +1.8 | —6.2 | —30.4 | —31.3 | —30.4 


pated that the effect of storage on the lipid content of extracts 
would be determined under the following conditions: in the light 
at room temperature, in the dark at room temperature, and in 
the dark at refrigerator temperatures, in either 95 per cent alcohol 
or alcohol-ether, and filtered or unfiltered. 

The results obtained have been depicted graphically in Figs. 1 
to 5 and the average percentage changes in all extracts have been 
calculated and presented in Table I. The initial point at 0 time 
on each of the graphs represents the mean of twelve determina- 
tions for each lipid, six in the first sample of plasma and six in 
the second. Half of each of these six extracts had been made 
with 95 per cent alcohol and half with the alcohol-ether mixture 
with essentially no differences in the results obtained with the 
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two different solvents. The relative variations in the results 
obtained at 0 time were practically the same in the two samples 
of plasma and have been expressed in Table I_as the average of 
the standard deviations expressed as a percentage of the respec- 
tive means for each lipid. 

Seven sets of results were plotted for each lipid. First, the 
results were divided into three sets: those obtained in the light 
at room temperature, those obtained in the dark at room tempera- 
ture, and those obtained in the refrigerator. Mean values under 
these respective conditions were calculated after storage for 1 
week, 1 month, 3 months, 6 months, and 1 year, and these means 
have been plotted and shown as solid lines labelled L, D, and R 
respectively. Then the results were divided into those obtained 


TABLE II 


Values above (+) or below (—) Initial Range of Values (Mean + 
Standard Deviation) on Storage 


per cent per cent per cent 
71+ 75+ 78+ 
67 — 83 — 86 — 
Free 46+ | 83+ 


in alcohol alone (A line) as against those obtained in alcohol- 
ether (AE line) and these have been charted as interrupted lines. 
Finally the two dotted lines of each figure represent the results 
divided into those obtained in extracts filtered previous to storage 
(F line) as against those obtained in extracts unfiltered during 
storage (UF line). 

The average value of each lipid in all extracts after the same 
periods of storage was calculated and expressed in Table I as a 
percentage change from the initial mean. In order to show the 
significance of these average changes, the percentage of values 
above or below the initial range of values (mean + the standard 
deviation) was determined at 3, 6, and 12 months—the only months 
at which significant differences were found—and these figures are 
given in Table II. 
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The most significant change which took place on storage was a 
decrease in phospholipid (Fig. 1). This decrease began to occur 
after 1 month’s storage but a significant decrease from the initial 
was not found until after 3 months. At the latter time the 
average phospholipid content had fallen by 30.4 per cent and over 
90 per cent of the values were below the initial range. Very little 
further change in amount was found up to a period of 12 months, 
These findings indicate that on the average about one-third of 


PHOSP HOLI PID 


2 4 6 8 10 
MONTHS 

Fic. 1. Mean changes in the phospholipid content of extracts on storage. 

L, stored at room temperature in the light; D, at room temperature in the 

dark; R, at refrigerator temperatures in the dark; A, stored in alcohol; 

AE, stored in alcohol-ether; F, filtered previous to storage; UF, unfiltered 


previous to storage. 


the phospholipid of plasma is destroyed after extracts are stored 
for 3 months. Since storage for longer periods did not produce 
further loss, the findings suggest the possibility that certain of 
the various phospholipids known to be present in plasma (6) may 
be more readily destroyed than others. An alternative sugges- 
tion would be that the destruction of all phospholipids proceeds 
more rapidly and reaches an equilibrium sooner than that of the 
other lipids so affected and described below. 
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The method of storage did not materially influence the general 
changes in phospholipid. The only possible exception to this 
was storage in the light at room temperatures. Under these 
conditions, destruction of phospholipid continued to occur after 
the 3rd month and at 12 months the average loss was 44 per cent. 

In discussing these and other changes in the lipid content of 
stored extracts, the method of analysis must be continually borne 
in mind. What the above changes really signify is that after 


a ESTER CHOLESTEROL 
9 aN 
590 
8 
Sac 
15 St 
70 


Fic. 2. Mean changes in the ester cholesterol content of extracts on 
storage. The letters are explained in the legend to Fig. 1. 


3 months of storage there occurs a decrease in the material in 
extracts of plasma which is precipitable by dried acetone and 
magnesium chloride from petroleum ether solution. It is con- 
ceivable that other methods for the determination of phospholipid 
—for example the estimation of alcohol-soluble phosphorus— 
might yield entirely different results. Evidence will be presented 
later to show that the destruction of phospholipid was by hydroly- 
sis. Since no precipitate was noted in the stored, filtered ex- 
tracts, the phosphorus fraction hydrolyzed from phospholipid 
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probably remained in solution and would be included in the esti- 
mation of alcohol-soluble phosphorus. 

Cholesterol esters were also partially destroyed on storage. The 
moving averages shown in Fig. 2 suggest that the destruction of 
cholesterol esters began after 1 month of storage but a significant 
decrease was not found until after 6 months (Tables I and II). 
The average loss of cholesterol esters was 12.0 per cent at 6 months 
and 19.6 per cent at 1 year, over 80 per cent of the values being 
below the initial range at these tinfes. By the present method 
of analysis used, ester cholesterol was determined indirectly by 
subtracting directly estimated values for free cholesterol from 
directly estimated values for total cholesterol. Hence this de- 
crease in ester cholesterol could have been due either to an in- 
crease in free cholesterol with no change in total cholesterol, or 
to a decrease in total with no change in free, or to a decrease in 
total and an increase in free cholesterol. The last of these three 
possibilities was that which was found to have occurred in the 
majority of extracts. 

This is shown in Fig. 3, which illustrates the changes in total 
and free cholesterol. The average value of total cholesterol began 
to decrease after 1 month of storage but a significant decrease did 
not appear until the 6th month. The results show that the aver- 
age loss of total cholesterol precipitable by digitonin was 6.4 per 
cent at 6 months and 8.0 per cent at 12 months and that over 
80 per cent of all the values at these times was below the initial 
range. The average increase in free cholesterol was relatively 
much greater, being 15.2 per cent at 6 months and 24.2 per cent 
at 1 year with approximately 80 per cent of values above the ini- 
tial range at these times. None of the changes in any of the 
cholesterol fractions appeared to be consistently affected by vary- 
ing the method of storage. 

The results shown in Figs. 2 and 3 permit the drawing of certain 
conclusions. It is apparent that after 6 months of storage choles- 
terol esters are hydrolyzed, resulting in the appearance of more 
free cholesterol and less ester cholesterol. At the same time the 
decrease in total cholesterol indicates that some cholesterol was 
destroyed or altered chemically or physically in a manner which 
rendered it not precipitable by digitonin. Whether this latter 
effect of storage was upon cholesterol in the free or in the com- 
bined state could not be determined from the present data. 
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It may be noted from Table I that after a week or so of storage 
there was recorded a significant increase in total cholesterol and 
free cholesterol. After 1 week’s storage the mean value of total 
cholesterol increased 4.8 per cent and over 70 per cent of the values 
was above the initial range; at the same time, the mean of free 
cholesterol increased 15.1 per cent and 79 per cent of the values was 
above the initial range. Since this change occurred in both 


TOTAL CHOLESTEROL 


MONTHS 
Fic. 3. Mean changes in the total cholesterol and free cholesterol content 
of extracts on storage. See Fig. 1. 


2 


filtered and unfiltered extracts, it could not have been due to the 
further extraction of cholesterol on standing. A synthesis of 
cholesterol in alecohol-ether extracts is obviously highly improb- 
able. The results really suggest that there occurs an increase in 
the amount of cholesterol precipitable by digitonin. This conclu- 
sion is further strengthened by the fact that there was no signifi- 
cant change in the amount of ester cholesterol at this time and 
ester cholesterol was not directly estimated by precipitation with 
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digitonin. There are apparently many factors which may in- 
fluence the reaction between cholesterol and digitonin (5) and 
to these may possibly be added the aging of cholesterol in ex- 
tracts. 

There has been shown to occur on storage of extracts a decrease 
in phospholipid and cholesterol esters, both of which substances 
contain fatty acids. This decrease might have been due to either 


TOTAL LIPID 


6 
MONTHS 


Fic. 4. Mean changes in the total lipid and total fatty acid content of 
extracts on storage. See Fig. 1. 


oxidation or hydrolysis. Oxidation would have resulted in a 
decrease in total fatty acids as well and hydrolysis would not affect 
the total fatty acid content. Actually, as shown in Fig. 4 and 
Table I there was no significant change in the amount of total 
fatty acids in the stored extracts. Hence the loss of phospholipid 
and cholesterol esters must have been due to hydrolysis. 

Since there was no loss of total fatty acid and yet a decrease in 
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phospholipid and cholesterol esters, there necessarily must have 
occurred an increase in the residual fatty acids which in the 
author’s scheme of analysis are calculated as neutral fat. Analysis 
of extracts after 3 months of storage should thus indicate an ap- 
parent increase in neutral fat and such may be seen to have oc- 
curred from the results shown in Fig. 5. It would have been de- 
sirable in the present paper to use the term residual fatty acids 
for this fraction rather than “‘neutral fat’’ because an increase in 
or synthesis of neutral fat in stored extracts is obviously not 
likely. The term neutral fat has been retained, however, because 


“NEUTRAL FAT” 


8g 


MONTHS 
Fic. 5. Mean changes in the “neutral fat’’ content of extracts on storage. 


See Fig. 1. 


it is the fraction so designated which would be found increased 


and so reported by others using these methods and storing their 
extracts for any time before analysis. A significant average in- 
crease of 16.9 per cent was found in the ‘“‘neutral fat” fraction at 
3 months, increasing to 24.7 per cent at 1 year. In general it 
may be seen that the method of storage had no appreciable effect 
on the results. 

Changes in the total lipid content of these extracts are shown in 
Fig. 4. Total lipid in the author’s scheme of analysis is caleu- 
lated as the sum of phospholipid plus cholesterol esters plus free 
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cholesterol plus neutral fat or as the sum of phospholipid plus 
total cholesterol plus cholesterol ester fatty acids plus neutral fat. 
It is obvious that the only actual loss that should appear in the 
total lipid value is the loss of some cholesterol and of the non- 
fatty acid part of the lost phospholipid. The non-fatty acid part 
of the lost phospholipid may be estimated as follows: At 1 year 
there was a mean decrease of 30.4 per cent from the original 112 
mg. of phospholipid or a loss of 34 mg. Estimating two-thirds 
of this as fatty acid gives a mean loss of 11.3 mg. in the non-fatty 
acid part of phospholipid. The mean decrease in total cholesterol 
at 1 year was 8.0 per cent of the initial 125 mg. or 10 mg. The 
loss of total lipid should thus be 21.3 mg. or 4.7 per cent of the 
original 455 mg. of total lipid. The actual average loss of total 
lipid found at 1 year was 5.1 per cent (Table I). While the re- 
sults shown in Fig. 4 suggest a gradual loss of total lipid from the 
first month on, there was no significant loss until the 12th month, 
at which time approximately 80 per cent of the values was below 
the initial range. The method of storage did not appear to affect 
the results. 

In brief, storage of lipid extracts for periods over 3 to 6 months 
under any of the above conditions results in the following changes: 
a decrease in the amount of phospholipid, ester cholesterol, total 
cholesterol, and total lipid, no change in the amount of total fatty 
acid, and an increase in free cholesterol and “neutral fat.’’ These 
changes are analogous qualitatively to those seen in a lipopenia, 
the only distinguishing features being that in a lipopenia the 
values of plasma neutral fat, total fatty acids, and free cholesterol 
are all three lowered as well (3). It is not improbable that in 
many previous investigations the factor of storage has been over- 
looked. It is seldom referred to and hence a proper evaluation 
of its significance in previous studies cannot be made. Sufficient 
details have been given in the recent report of Corcoran and 
Rabinowitch (4) to show that storage was a major cause of the 
results which they obtained. These may be described in detail 
to exemplify the unrecognized importance of this factor in earlier 
work. 

Corcoran and Rabinowitch (4) analyzed the plasma of twenty- 
seven Canadian Eastern Arctic Eskimos, using the same methods 
employed in the present investigation. Their extracts were pre- 
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pared on board the ship ‘‘Nascopie”’ in the Arctic regions during 
the summer of 1935 and were stored in the dark and for the 
greater part of the time in a refrigerator until they were analyzed 
approximately 1 year later. From their Table II has been 
calculated the average lipid content of the plasma of Eskimos 
and these averages have been expressed as a difference from 
standard normal means by the same methods (see Table III). 
These percentage changes from normal have then been compared 
with the mean changes after 1 year’s storage of extracts as herein 
found and with the mean percentage changes in plasma lipids in 
a typical lipopenia, the lpopenia of hyperthyroidism (3). As 
noted by Boyd and Connell (3), the term lipopenia signifies a 


TABLE III 


Comparison of Mean Changes in Extracts of Plasma Stored for 1 Year, in 
Stored Extracts of Plasma of Canadian Eskimos (4), and in 
Lipopenia of Hyperthyroidism (3) 


| Lipopenia 
| 1 yr. storage | em of ne 
| per cent | per cent per cent 
Free | +4242 | —23 
Phospholipid......... | —30.4 | —-11.9 — 36 


decrease in the concentration of plasma lipids in contrast to a 
lipemia, in which they are increased. It is obvious from the com- 
parison of results in Table III that the changes found by Corcoran 
and Rabinowitch (4) in the plasma of Eskimos were largely, if 
not entirely, due to the previous storage of their extracts. It 
should be noted that Corcoran and Rabinowitch (4) did not 
attempt to interpret their results which they recognized as pe- 
culiar deviations from normal. 


SUMMARY 


The effect of storage of extracts of plasma under a number of 
different conditions for periods up to 1 year upon the lipid content 
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was determined by oxidative micromethods. <A significant de- 
erease in phospholipid occurred between 1 and 3 months, and 
between 3 and 6 months there occurred a further significant de- 
crease in cholesterol esters, total cholesterol, and total lipid, a 
significant increase in “neutral fat’? and free cholesterol, and no 
appreciable change at any time in total fatty acids. These 
changes were in general not affected by the method of storage— 
in the light or dark, at room temperature or in the refrigerator, 
previously filtered or unfiltered, and stored in alcohol or alcohol- 
ether. The mean percentage changes after 1 year’s storage are 
shown in the last column of Table I. 
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EFFECTS OF AN ANTERIOR PITUITARY GROWTH 
PREPARATION ON PROTEIN METABOLISM 


By OLIVER HENRY GAEBLER anp W. H. PRICE 
(From the Department of Laboratories, Henry Ford Hospital, Detroit) 


(Received for publication, August 19, 1937) 


Spontaneous growth or loss of weight, illness and convalescence, 
fasting and recovery, have in the past afforded most of the oppor- 
tunities for studying the formation and destruction of tissue. 
The extensive literature on the nature of the material lost during a 
fast or replaced when feeding is resumed marks this as an ap- 
proach which has probably been favored because a definite 
schedule can be arranged in which both catabolic and anabolic 
phases are certain to occur. An additional approach having 
similar advantages would seem to be that of injecting large single 
doses of an anterior pituitary growth preparation. By this 
method a sudden gain in weight and extensive nitrogen storage is 
induced in adult dogs, despite an increase in metabolism greater 
than that observed in growth or convalescence (1). The gain in 
weight appears to be lost invariably within 10 days, and as a rule 
nitrogen loss occurs. Thus an anabolic and a catabolic phase 
come under observation. 

Utilizing this approach, we have studied the changes in the 
excretion of sulfur and phosphorus which accompany the retention 
and loss of nitrogen, and the changes in sodium, potassium, and 
chloride output accompanying the retention and subsequent loss 
of water. In an early review, Teel and Cushing (2) called atten- 
tion to diminished nitrogen and phosphorus excretion of dogs 
following injections of an anterior pituitary extract. One of us 
has previously confirmed the finding of Teel and Watkins (3) 
that blood non-protein nitrogen falls after such injections, so that 
retention of nitrogen is not due to renal effects. The present 
studies include determinations of the sulfur partition of the 
urine. 
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498 Growth Hormone and Protein Metabolism 


EXPERIMENTAL 


Animals and Diets—Large female dogs were used. The diets 
were constant, and consisted of beef heart plus a ground mixture 
of beef heart, crackers, and bone-meal. ‘The total caloric intake 
was determined in long preliminary periods, and was the largest 
amount that would be consumed daily without fail. Each lot of 
food was analyzed for nitrogen and phosphorus, and some lots for 
fat and carbohydrate. Day to day constancy was insured by 
weighing out uniform packages of the beef heart after analysis, 
and freezing them. The ground mixture was refrigerated in 
air-tight cans. To reduce the phosphate content of the stools, 
bone-meal was replaced with agar in some experiments, and a 
salt mixture! was added to the diet. 

Growth Preparation—Antuitrin, Growth, derived from beef 
anterior lobes, was used.?_ In earlier experiments already referred 
to, lactation was sometimes observed after single large injections 
of this preparation. In experiments reported in this paper it did 
not occur. Riddle and Bates (4) have found that the above 
preparation gives a strong crop-gland response, and that it has 
some gonadotropic and thyrotropic activity. From the stand- 
point of the endocrinologist, administering a preparation contain- 
ing several factors to the intact animal might seem a futile 
procedure. But our knowledge of the changes in growth, conva- 
lescence, etce., with which we are correlating the present findings, 
is also based on experiments on intact subjects, presumably with 
more than one endocrine factor operating. 


Methods 


Nitrogen was determined by a modification of the Kjeldahl- 
Gunning procedure, the samples being about a fifth as large and 
the acid and alkali a fifth as strong (0.02 N) as in macrodetermina- 
tions. Inorganic phosphate was determined by the method of 
Fiske and Subbarow (5), total phosphorus of food and feces by the 
same procedure after wet ignition with sulfuric and nitric acids. 
The inorganic, ethereal, and total sulfur was determined by minor 


1 Cowgill’s salt mixture without the sodium chloride, of which the diet 
contained an abundance (Cowgill, G. R., J. Biol. Chem., 56, 725 (1923)). 

2 We are indebted to Parke, Davis and Company for a generous supply 
of this preparation. 
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modifications of the methods of Fiske (6). Sodium was deter- 
mined gravimetrically, after precipitation with uranium and zine 
acetates, according to Butler and Tuthill (7). Chlorides were 
determined by the Volhard titration. 

3 day collections of stools were made in flasks containing about 
300 ec. of concentrated hydrochloric acid. After standing for 
several days the suspensions were made up to volume, and were 
entirely satisfactory with respect to measuring of samples for total 
nitrogen and total phosphorus analyses. For nitrogen analyses 
it was found essential to add a large excess of sulfuric acid to 
these hydrochloric acid suspensions. Beef heart, and the ground 
mixture, were analyzed in the same way. The former produces a 
far more suitable suspension if hydrolyzed at room temperature 
with concentrated hydrochloric acid than if it is boiled with the 
acid. 

Urine periods were terminated by catheterizing and washing 
the bladder. As arule daily analyses were made, but during some 
intervals between experiments combined lots representing 2 days 
were analyzed. All analyses of food, urine, and stools were made 
in duplicate. 


Results 


Sulfur Metabolism—Fig. 1 indicates the findings in an experi- 
ment of 72 days duration. A close parallelism between the total 
nitrogen and total sulfur of the urine is apparent at once. The 
temporary rise during the first 24 hours after injections, the 
marked fall on the following days, and the subsequent rise above 
the control level occur in both curves. Several hours after injec- 
tions the rectal temperature rose about 1°, returning to normal 
the following day. This may account for the temporary elevation 
of nitrogen and sulfur excretion, for the injected nitrogen amounted 
to less than 40 mg. The calorigenic effect of this preparation (1) 
reaches its peak at about the time that nitrogen and sulfur excre- 
tion reach their minima. 

In Table I the nitrogen balances, sulfur partitions of the urine, 
and N:S ratios obtained in three experiments are recorded. The 
dose of the growth preparation was 40 cc., injected subcuta- 
neously in four 10 ce. portions immediately after the control 
period ended. Since total sulfur excretion in each case returned 
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to the control level in 6 days, the data are summarized in periods 
of this length. In the three experiments the average drop in the 
excretion of total sulfur during the experimental period was 0,886 
gm., and that of inorganic sulfate 0.691 gm., accounting for 78 per 
cent of the total decrease. However, neutral sulfur output fell 
quite definitely, and it rose decidedly in the after-periods of each 


TABLE I 


Showing Effect of Anterior Pituitary Growth Preparation on Nitrogen and 
Sulfur Metabolism 


Period Nitrogen | Sulfur (urine only) 
each) Food | Urine | Stool Balance en | — | Neutral | Total mah 
_ Experiment 3, Dog 
| gm. Se ° | | gm. 
1 | 52.86 | 47.51 3.23 | +2.12) 2.046 | 0.091 | 0.572 | 2.709 | 17.5 
2* 52.86 40.66 5.26 +6.94 1.356 0.098 0.343 1.797 | 22.6 
3 | 54.84 58.41 | 3.44 | —7. 012.495 O.117 0.799 3.411 | 17.1 
| 54.84 | 55. 


20 3 25 61 2. Q. 0.692 3.156 | 17.5 


‘Ex ‘xperimer nt 4, Dog 8 


02 $1.20) 2.064 0.126 


= 


81 0. 
2* 54.42 40.06 4.63  +9.73 1.456 0.078 0.430 1.964 20.4 
3 | 54.42 | 52.83 432 —2.73 2.218 | 0.120 0.790 3.128 169 
4 | 53.70 | 52.13 | 4.31 | —2.74, 2.260 0.062 | 0.530 | 2.852 | 18.3 


Experiment 5, Dos 1 


5.61 | $1.08 2.231 | 0.079 0.572 2.882 17.7 
5.85 +1230 1.456 0.035 0.350 1.841 | 22.1 
9 4.66 +2.99 2.218 0.038 0.913 3.169 | 16.5 


4 | 60.04 53.32 +1.42 2.344 0.048 | 0.864 3.256 | 16.4 


* 40 ec. of the growth preparation. were indooted subcutancoudiy on the 
Ist day of Period 2 in each experiment. 


experiment. This is especially noteworthy in the last experiment, 
in which the retained nitrogen was not lost, and inorganic sulfate 
output during Periods 3 and 4 did not greatly exceed that of 
Period 1. The ethereal sulfur fraction was small and showed no 
consistent variations. 

The N:S ratio rose sharply in each experimental period. In the 
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daily analyses ratios between 27.6 and 52.5 were noted on the 2nd 
or 3rd day after injections. For the 6 day periods the ratios are 
not so high as the value of 41.4 observed by Fay and Mendel (8) 
in the case of a dog during a 9 day period of realimentation. Meat 
and crackers were the source of protein in our experiments and 


Total N 
' 
| § | 
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i 
: 
3| = 7 
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daysio 20 30 50. 60. 70. 


Fig. 1. Curves showing the daily excretion of nitrogen, total sulfur, 
inorganic sulfate, and inorganic phosphate in the urine, and the body 
weight. The vertical arrows indicate the results for the 24 hour period 
following the injection of 40 cc. of the growth preparation. 


the N:S ratios during control periods were somewhat higher than 
the values of 14 to 16 recorded for dogs which were fasting or on 
meat diets (8, 9). But the N:S ratios of the stored material, 
calculated from the urine analyses alone, were 7.5, 11.0, and 10.0, 
in the three experiments of Table I, indicating a sulfur content 
above that of muscle. Thus the fall in nitrogen excretion is 
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accounted for by diminished urea output, and in keeping with 
this the decline of total sulfur is mainly one of inorganic sulfate, 
while the stored material has the high N:S ratio also observed in 
realimentation. The changes in neutral sulfur are somewhat 
unique, since this fraction is usually classed with creatinine as an 
endogenous one, and we hope to study this point further. 


TaBLe II 


Showing Effect of Growth Preparation on Nitrogen and Phosphorus Balances 


Period No. Nitrogen Phosphorus 
(3 days each) balance 
Food Urine Stool Balance 
Experiment 8, Dog 4 
gm. | gin. gm. gm. | gm. 
I —2.15 | $3.01 2.10 1.00 —0.09 
2 —2.00 3.01 1.83 0.67 +0. 51 
3 —2.32 3.01 1.95 0.85 +0.21 
4 —1.95 3.08 1.85 1 30 —0.07 
5° +4.20 3.01 1.40 1.34 +0 .27 
6 +1.80 3.00 2.05 74 +0.21 
7 —2.74 3.01 2.41 0.57 +003 
Experiment 9, Dog 1 
40.70 | 2.9 | 2.17 0.79 | 0.00 
2 +0 .73 2.06 2.00 1.61 —0.65 
3 +().24 2.96 235 | | 
+5.43 2.96 +088 
5 +3.14 2.96 —0. 16 
6 +1.80 2.96 +0 .35 


* 40 cc. of the growth preparation were injected subcutaneously on the 
Ist day of this period. 

+t Stools for this period were analyzed separately; those of Periods 4 and 
5 were combined and happened to contain the same amount of phosphorus. 


Phosphorus— As shown in Fig. 1, the inorganic phosphate of 
the urine fell markedly after injections and subsequently rose 
above the control level. Unlike nitrogen and sulfur excretion, 
phosphate excretion fell at once on the day of the injection. This 
was observed in seven out of eight experiments. Otherwise the 
parallelism with nitrogen and sulfur was quite close. In spite of 
the uniform behavior of urinary phosphate, it was difficult to 
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demonstrate a corresponding effect on the balance, owing to the 
high phosphate content of the feces and the impossibility of 
making collections representing exactly 3 days. In the first four 
balance experiments, two showed a rise in fecal phosphorus greater 
than the fall of urmary phosphate, while two did not. In two 
additional experiments, summarized in Table I], we substituted 
agar for bone-meal and added a salt mixture to the diet. The 
results indicate that the decrease of urinary phosphate represents 
storage, rather than a change in route of excretion, which we 
considered because of the greatly altered water intake and output. 

Water and Salts—-In the review of Teel and Cushing (2) a marked 
rise in water intake, greater than the rise in urine volume, is shown 
graphically. In the present and preceding series of experiments, 
the water intake, urine volume, and weight after catheterization 
were recorded daily. The gain in weight shown in Fig. 1 was 
always very prompt. If the increase in water intake was not 
marked on the first day after the injection, the gain in weight 
began notwithstanding, and the urine volume was diminished. 
The total increase in weight varied from 400 to 1020 gm. in differ- 
ent experiments with the same dose of the same preparation, and 
was lost again in 6 to 10 days. 

In studies on the action of pitressin, and in observations on cases 
of diabetes insipidus, the independence of salt and water elimina- 
tion is frequently emphasized. Consequently we were interested 
in the salt excretion accompanying the changes in water intake, 
urine volume, and body weight produced by this anterior pituitary 
preparation, especially since protein synthesis might also be a 
factor in water retention. As shown in Table III], sodium, potas- 
sium, and chloride excretion all fall markedly during the experi- 
mental period, despite diuresis. Thus all the elements studied 
are retained during the period of gain in weight, and if retention of 
water must be ascribed to retention of another substance it would 
have to be considered a summation effect. The subsequent 
weight loss is not closely correlated with any of the elements 
studied. For example, in Experiment 5, Table I, the animal 
gained 1020 gm. in the 48 hours after the injection, and lost 670 
gm. during the next 4 days without losing any of the stored 
nitrogen. In Experiment 6, Table III, some sodium and chloride 
were evidently lost during Period 5, but potassium excretion 
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merely returned to the control level, while in Experiment 7 there 
was no evidence of loss of sodium or chloride, but some loss of 
potassium during Period 4, and a decline below the original weight. 
The stools remained firm in all of these experiments, but were not 
analyzed for sodium, potassium, or chloride. 


TaBLeE III 


Showing Changes in Salt Excretion Which Accompany Those of Water Intake, 
(rine Volume, and Weight 


Period | 


| | Sodium Potassium | = t 
each) 
Experiment 6, Dog 1 
cc. | ec. | gm. | gm. gm. | m.-eq. kg. 
1681 | 1554 | 9.46 412 | 4.22 | 108 | 21.68 | 371 | 27.2 
2 , 1830 1623 | 9.18 | 399 | 4.35 | 111 | 21.64 | 370 | 27.2 
3 | 2080 | 1725 | 10.18 | 443 | 3.77 | 96 | 21.96 | 376 | 27.3 
4095 | 7.19 | 313 1.90 | 48 | 17.66 | 302 28.1 
5 3765 | 4320 10.82 472 | 4.34 111 | 25.04 | 428 | 27.6 
6 2300 1975 | 8.90 387 4.38 | 112 | 21.08 | 360 | 27.5 
7 2180 1925 9.13 397 | 3.66 94 20.92 358 | 27.3 
8 3178 | 2925 8.39) 365 4.14 106 | 19.82, 339 | 27.2 
9 2554 1980 10.00 435 | 3.01 | | 27.2 


Experiment 7, Dog 4 


1 | 2395 | 1990 | 7.30| 318 | 6.99 | 179 | 19.82) 339 | 25.4 
43 323: | 6.80 | 174 | 19.10 326 | 25.2 
91 170 | 5.08 | 130 | 14.41 | 246 | 25.7 


| 38 | 321 | 7.34 | 188 18.48 316 | 25.3 
| 3515 | 2895 | 6.83 | 297 6.71 | 172 | 17.86 | 305 | 25.0 


2 
3t 
5 


* Exclusive of 1148 ec. of water contained in the food for 4 days, or avail- 
able by oxidation, in Experiment 6, and 1024 cc. in Experiment 7. 

t 40 ec. of the growth preparation were injected subcutaneously on the 
Ist day of this period. 


DISCUSSION 


The calorigenic effect of the growth preparation used in these 
experiments is diminished but by no means abolished by thyro- 
parathyroidectomy (1). Houssay and Artundo (10) made similar 
observations with another growth preparation, but regard the 
calorigenic effect after thyroidectomy as having no physiological 
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significance. We are inclined to associate that part of the calori- 
genic response which it is difficult to ascribe to the thyroid with 
the high anabolic activity that occurs. This seems the more 
possible because the preparation used is very low in thyrotropic 
potency, and because the retained material has a high sulfur 
content. In a similar connection, Lusk (11) states, “It may not 
be beyond the bounds of reason to associate a similar retention of 
sulfur, probably in the form of glutathion, with the higher oxida- 
tive power of growing tissue which characterizes the metabolism of 
children and of convalescents after wasting disease.’’ Goss and 
Gregory (12) have reported that the glutathione content of muscles 
of rats can be increased by growth hormone injections. 

In general, our results in connection with nitrogen, sulfur, and 
phosphorus are similar to those which have been observed re- 
peatedly in realimentation and other conditions in which protein 
synthesis no doubt occurs. Least tenable as an explanation of our 
findings is the formation of ‘“‘deposit protein” such as is thought 
to be synthesized when protein intake is very high. This protein 
is considered low in sulfur content because more nitrogen than 
sulfur appears in the urine when a sudden change to a carbohydrate 
and fat diet is made. Wilson’s view (13) that a sulfur-containing 
fraction of protein is the first to be synthesized and first to be 
destroyed is somewhat more applicable, especially to the anabolic 
phase. In the catabolic phase of our experiments there was 
nothing remarkable in the N:S ratios of the urine, although the 6 
day averages in Table I are somewhat lower during the after- 
period than during the control period in two of the experiments. 
The close parallelism between urinary nitrogen and phosphorus 
curves might suggest formation of nucleoproteins or the so called 
phosphoproteins of cytoplasm. But phosphorus is involved in so 
many phases of metabolism that the problem of accounting for a 
positive balance is a considerable one. 


SUMMARY 


1. Large single injections of an anterior pituitary growth prepa- 
ration produce changes in nitrogen, sulfur, and phosphate excre- 
tion similar to those which occur in conditions in which protein 
synthesis takes place. 

2. Changes in the N:S ratio and sulfur partition of the urine are 
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recorded and discussed in the light of various theories of protein 
metabolism. 

3. On the basis of urine analyses, the material retained as a 
result of the injections has a high sulfur content. The possible 
relationship of this to the calorigenic effect of the preparation is 
discussed. 

4. Data on the excretion of water and salts during the gain and 
loss of weight are presented. 
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THE CHEMISTRY OF MOLD TISSUE 


XIII. ISOLATION OF SOME MONOAMINOMONOCARBOXY AND 
SOME MONOAMINODICARBOXY ACIDS FROM 
ASPERGILLUS SYDOWI* 


By D. W. WOOLLEY anp W. H. PETERSON 


(From the Departments of Agricultural Chemistry and Agricultural 
Bacteriology, University of Wisconsin, Madison) 


(Received for publication, August 9, 1937) 


For some time we have been investigating the nitrogenous con- 
stituents of the mycelium of Aspergillus sydowi by the use of a 
systematic fractionation scheme. The isolation of the three 
diamino acids, arginine, histidine, and lysine, during the course 
of this fractionation has been previously reported (1). In this 
paper will be described the isolation and identification of two 
monoaminodicarboxy acids, aspartic and glutamic, and of eight 
monoaminomonocarboxy acids, leucine, isoleucine, tryrosine, 
proline, valine, serine, threonine, and tryptophane. 

The literature concerning the amino acids of mold mycelium is 
rather meager. Abderhalden and Rona (2) isolated glycine, 
alanine, leucine, glutamic acid, and aspartic acid from Aspergillus 
niger and identified them by analysis. Vorbrodt (3) recognized 
alanine, leucine, and tyrosine in this same organism. The pres- 
ence of tyrosine in a limited number of the mold fungi has been 
postulated on the evidence of color tests (4-6). Similarly the exist- 
ence of tryptophane in the same organisms has been inferred from 
colorimetric procedures. The presence of leucine and isoleucine 
in Aspergillus sydowt has been shown by isolation and analysis 
of the free acids and by preparation and examination of derivatives 
(7). 

The fractionation scheme used in this investigation was as fol- 
lows: The amino acids were rendered soluble by autolysis under 


* This work was supported in part by a grant from the Special Research 
Fund of the Graduate School. 
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controlled conditions as previously described (1), the solution was 
treated with mercuric acetate and sodium carbonate, and the 
nitrogen compounds were freed from the resulting precipitate 
with HS. The dicarboxyamino acids were then precipitated in 
the usual manner with barium hydroxide and alcohol; trypto- 
phane, histidine, purines, and pyrimidines were precipitated with 
HgSO,, and lysine with phosphotungstie acid. From the result- 
ing filtrate tyrosine was crystallized. Next the unhydroxylated 
monoamino acids were extracted with butyl alcohol, and serine 
and threonine were obtained from the residual aqueous solution. 
The separation of the latter two acids was possible mainly be- 
cause the threonine was present as a complex which formed a 
copper salt readily soluble in ethyl alcohol. 

The isolation of tryptophane was difficult, for there appeared 
to be a wide variety of compounds present in the mycelium which 
were precipitated in sulfuric acid solution by HgSO, and were 
also extracted from neutral aqueous solution by butyl alcohol. 
Fractionation of the butyl alcohol extract with copper and silver 
salts failed to yield pure tryptophane, but the actual isolation 
was eventually effected by butyl alcohol ‘extraction, first from 
acid, then from alkaline, and finally from neutral solution. 

The amounts of the various amino acids isolated must not be 
regarded as the amounts present in the mycelium, but rather as 
the minimum quantities there. For example, frequent use was 
made of mercuric acetate and sodium carbonate to precipitate 
the amino acids, but these reagents do not quantitatively precipi- 
tate such compounds, as was shown by the fact that it was pos- 
sible to isolate amino acids from some of the resulting filtrates. 
Further, considerable nitrogen was lost by adsorption on the sul- 
fides resulting from the decomposition of such _ precipitates. 
When it was possible to isolate an amino acid by a more or less 
direct method, as in the case of proline, the amount obtained was 
much greater than that found in the course of the rather com- 
plicated fractionation scheme necessary to isolate the other 
amino acids. In Table I are listed the quantities of the amino 
acids isolated in this investigation together with the percentage 
of the total nitrogen of the mycelium and of the sodium carbonate- 
mercuric acetate precipitate which they contain. For complete- 
ness the amounts of the diamino acids previously reported (1) 
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are also listed. It can be seen that 17.1 per cent of the total 
nitrogen of the mycelium or 47.7 per cent of that of the sodium 
ecarbonate-mercuric acetate precipitate has been obtained as 
definite compounds. It is interesting to note the relatively large 
amounts of the hydroxyamino acids, serine and threonine, which 
were found. 

The presence of phenylalanine, glycine, and hydroxyproline 
could not be detected even by color reactions. For example, an 
aliquot of the nitrogenous compounds precipitable by mercuric 


TABLE I 
Amino Acids Isolated from Aspergillus sydowi 


Per cent of total N in 
Per kiloof 


} 


mycelium Mycelium 
& | ppt. 

| 1.00 0.52 | 0.19 
13.85 7.93 | 2.88 
Tryptophane .. 0.40 | 0 30 0.11 
Histidine.......... 1.54 2.16 | 0.74 


acetate and sodium carbonate in an autolysate corresponding to 
1.1 gm. of dry mycelium gave no Kapeller-Adler test (8) for 
phenylalanine, while if 1 mg. of phenylalanine was added to a 
similar aliquot and the test repeated, a deep purple color was 
obtained. Subsequent tests on the monoamino fraction likewise 
failed to reveal any phenylalanine. The monoamino fraction 
gave no test for glycine with o-phthalic dialdehyde (9), and failed 
to give any hydroxyproline test (10). No evidence for the 
presence of alanine was found during the copper salt fractiona- 
tion. It is not, of course, justifiable to conclude that these amino 
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acids are not present in the mycelium, for they may have been 
destroyed during autolysis. 


EXPERIMENTAL 


The mold was grown and autolyzed as described in a previous 
paper (1). For this investigation 2 kilos of dry mycelium, con- 
taining 103 gm. of nitrogen, were used. After autolysis 64.5 gm. 
of nitrogen were soluble, of which 10.3 per cent was ammonia 
nitrogen. The latter was removed by making the solution alka- 
line and concentrating under reduced pressure. ‘The concentrate 
was then precipitated with mercuric acetate and sodium carbon- 
ate as previously described (1) and it was found that 9.9 gm. of 
nitrogen were not precipitated. When the precipitate was de- 
composed with H.S, and the HgS was filtered and washed, there 
were 37.4 gm. of nitrogen in the filtrate. T'yrosine was deter- 
mined on an aliquot of this filtrate by the method of Folin and 
Ciocalteu (11). <A total of 12.0 gm. was indicated, and in sub- 
sequent operations 8.4 gm. were actually isolated. 

The solution was concentrated under reduced pressure to 5 
liters, and an excess of hot, saturated barium hydroxide was 
added. On the following day the precipitate was collected, 
washed with dilute barium hydroxide, and discarded, since it was 
practically nitrogen-free. The filtrate and washings were con- 
centrated under reduced pressure to 1.5 liters, and treated with 
barium hydroxide and alcohol in the usual manner for the separa- 
tion of the dicarboxyamino acids (12). The precipitate was 
allowed to form for a week, and was then filtered, washed with 
alcohol, dissolved in water, and reprecipitated with alcohol. After 
a week the purified precipitate was filtered and washed with 
alcohol, and the filtrate and washings were combined with those 
from the first barium hydroxide-alcohol precipitate. 

Isolation of Aspartic Acid—The alcohol-insoluble barium salts 
were suspended in 1.5 liters of water, HeSO, was added until the 
solution was strongly acid to thymol blue, and the mixture was 
heated on the steam bath for 10 hours. This acid treatment was 
necessary in order to hydrolyze a water-soluble, non-reducing 
earbohydrate complex which was present. Barium sulfate was 
filtered off and washed, and the filtrate was concentrated under 
reduced pressure to about 1 liter, made to 5 per cent acid with 
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H.SO,, and treated with an excess of HgSO, in 5 per cent HeSO,. 
The precipitate which formed was filtered and washed with a 
dilute solution of the precipitating reagent. Since the solution 
resulting when the precipitate was decomposed with H.S did not 
give a ninhydrin reaction, further investigation of this fraction 
will not be described here. The filtrate from the HgSOx, precipi- 
tate was freed of mercury with H.S and the resulting filtrate was 
treated with mercuric acetate and sodium carbonate in order to 
separate the amino acids from the sugar present. After the 
precipitate was decomposed with H.S there were 3.0 gm. 
of nitrogen in the solution; 330 mg. of nitrogen were left in the 
filtrate. The solution of amino acids was concentrated under 
reduced pressure to about 750 ec., boiled with an excess of copper 
hydroxide, centrifuged, and cooled. Copper aspartate slowly 
erystallized out. After 2 months the crystals were filtered and 
washed; 9.0 gm. were obtained. When the filtrate was concen- 
trated to dryness and treated with water, no residue remained 
undissolved. | 


CsHwpOsN2Cu-3H.O. Calculated, N 5.62; found, N 5.63 


This amount of copper aspartate is equivalent to 4.12 gm. of 
aspartic acid. 

The copper salt was decomposed with HS, and the free acid 
crystallized from dilute alcohol. 


C,H;OwN. Caleulated. N 10.5, neutral equivalent 133 


The neutral equivalent was determined by titration in aqueous 
solution. 

Isolation of Glutamic Acid—-The filtrate from copper aspartate 
was freed of copper with H.S, concentrated under reduced pres- 
sure to about 100 cc., and saturated with HCl at 0°. No erystals 
formed until the solution had stood in the refrigerator for about 
2 weeks. After a month had elapsed, the crystals were filtered, 
washed with concentrated HCI, and dried. The filtrate was con- 
centrated under reduced pressure to about 40 cc., again saturated 
with HCl, and allowed to stand in the refrigerator for a month. 
The crystals were separated as before, and it was found that a 
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total of 2.57 gm. of the hydrochloride, corresponding to 2.0 gm. 
of glutamic acid, was obtained. 


C;H,OQ.N-HCl. Calculated, N 7.65, Cl 19.3; found, N 7.60, Cl 19.4 


The crystals melted at 210° when heated rapidly. Glutamic 
acid hydrochloride melts at 210° under the same conditions (13), 

A portion of the hydrochloride was decomposed with Ag,O, 
excess silver was removed from the filtrate with HS, and the 
resulting filtrate was concentrated under reduced pressure. When 
alcohol was added, crystals of the acid separated. 


C,;H,O.N. Caleulated, N 9.51; found, N 9.50 


Removal of Basic Substances--The combined filtrates and 
washings from the alcohol-insoluble barium salts were concen- 
trated to about 3 liters under reduced pressure to remove alcohol, 
and enough HeSO, was added to give a concentration of 5 per 
cent. After the BaSO, was removed, HgSO, in 5 per cent H.SO, 
was added until precipitation ceased. The precipitate was al- 
lowed to form for a week, and was then filtered and washed with 
dilute H.SO,. Considerable fractionation of the material precipi- 
tated by HgSO, was carried out with the aim of isolating trypto- 
phane, but since no pure tryptophane was isolated from this run, 
these procedures will not be described. Suffice it to say that 
besides giving various color reactions for tryptophane, one of the 
fractions yielded a small amount of 3,4,5,6-tetrahydro-4-carbo- 
line-5-carboxylic acid (14). Also from some of these fractions a 
total of 240 mg. of recrystallized tyrosine (7.85 per cent N, caleu- 
lated 7.74) was obtained. The isolation of tryptophane from 
another run is described below. 

The filtrate from the HgSO, precipitate was freed of mercury 
with H.S, but during this step 19 per cent of the solution was 
accidentally lost. The filtrate from HgS was then treated with 
phosphotungstic acid and the resulting filtrate was freed of re- 
agents in the usual manner. Since considerable ash was found 
in the solution at this point, the amino acids were precipitated 
with mercuric acetate and sodium carbonate; 1.38 gm. of nitrogen 
were not precipitated. In order to recover some of this nitrogen, 
the filtrate was acidified with HCl, treated with HS, filtered, 
concentrated under reduced pressure to dryness, and extracted 
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with alcohol. The alcohol was evaporated under reduced pres- 
sure and the residue dissolved in water. The solution was ad- 
justed to pH 6.5 with NaOH and extracted continuously under 
reduced pressure with butyl alcohol. The extracted amino acids 
were separated and identified by analysis, as described below for 
the main fraction. On correction for the 19 per cent loss men- 
tioned above, 1.48 gm. of leucine, 254 mg. of proline, and 1.46 
gm. of isoleucine plus valine would have been obtained. 

Isolation of Tyrosine—-After the mercuric acetate-sodium 
earbonate precipitate was decomposed with H.S, 10.10 gm. of 
nitrogen, 9.04 gm. of which were a-NH, nitrogen (Van Slyke), 
were found in solution. This solution was concentrated under 
reduced pressure to about 400 cc., allowed to stand overnight, 
and filtered. The crystals were recrystallized from water and 
the filtrate was added to the main filtrate. 6.6 gm. of typical 
tyrosine crystals were obtained. 


CyH;,O3N. Calculated, N 7.74; found, N 7.70 


The ethyl ester hydrochloride was prepared from 200 mg. of the 
crystals and was found to melt at 161-162°. Authentic tyrosine 
ethyl ester hydrochloride in the same bath melted at 162°. On 
correction for the 19 per cent loss and addition of the amount 
isolated from the HgSO, precipitate, 8.4 gm. of tyrosine were 
obtained. As mentioned above, 12.0 gm. were indicated by a 
colorimetric analysis. 

Isolation of Leucine—The tyrosine filtrates were concentrated 
under reduced pressure to 350 ec. and extracted continuously 
under reduced pressure with butyl alcohol until no more material 
was observed to precipitate in the boiling flask. The residual 
aqueous solution was reserved for the isolation of serine and 
threonine. The butyl alcohol was removed from the extract 
under reduced pressure, and the residue dissolved in hot water. 
The amino acids were converted to their copper salts by heating 
with copper hydroxide and the excess of the latter was centri- 
fuged down and washed. The solution was concentrated to dry- 
ness and the residue was washed with water until the washings 
were only pale blue. 13.2 gm. of leucine copper salt (8.75 per 
cent N, calculated 8.66) remained, and 1.1 gm. more were ob- 
tained from the methyl alcohol-insoluble copper salts, as de- 
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scribed below. Further, the excess copper hydroxide contained 
considerable leucine copper salt, for after it had been decomposed 
with H.S, 9.7 gm. of leucine were obtained by concentrating the 
filtrate from the CuS and adding alcohol. When a correction is 
made for the 19 per cent loss mentioned above, it can be seen that 
a total of 26.2 gm. of leucine would have been obtained, and on 
addition of that isolated from the second mercuric acetate- 
sodium carbonate filtrate, it follows that the total yield was 27.7 
gm. The identity of this amino acid was further established in 
the same manner as previously described (7). 

Water-Soluble, Methyl Alcohol-Insoluble Salts—The filtrate from 
the leucine copper salt was evaporated and thoroughly dried in 
vacuo, and the dry salts were powdered and repeatedly extracted 
with cold methyl alcohol until the extract was only pale blue. 
The combined extracts were reserved for the isolation of isoleucine, 
valine, and proline. The insoluble portion was then extracted 
with water, but a residue of 1.1 gm. of what proved to be leucine 
copper salt remained undissolved. The water-soluble portion 
was again dried and fractionally crystallized from water and 
from methyl alcohol; 0.4 gm. of a mixture of the copper salts of the 
isomeric leucines (8.62 per cent N, calculated 8.66) and 5.0 gm. of 
a mixture containing considerable ash were obtained. The ni- 
trogen in the latter mixture amounted to only 110 mg. No pure 
compounds were obtained from the water-soluble, alcohol-insolu- 
ble salts. It is reasonable to assume that this fraction contained 
small amounts of tyrosine, serine, threonine, and the leucines. 

Isolation of Proline—The methyl alecohol-soluble copper salts 
when dry proved to be completely soluble in methyl! alcohol, so 
they were dissolved in water and treated with H.S. The result- 
ing filtrate, which contained 1.27 gm. of nitrogen, of which 1.04 
gm. would react in the Van Slyke determination, was concen- 
trated under reduced pressure, treated with alcohol, filtered, con- 
centrated to dryness, and allowed to stand with absolute alcohol. 
The insoluble material was reserved for the isolation of isoleucine 
and valine. The alcohol was removed from the filtrate under 
reduced pressure and the residue was dissolved in 0.25 Nn H2SO, 
treated with 9.5 gm. of ammonium rhodanilate (15), and placed 
in the refrigerator. After an hour the crystals were filtered and 
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washed; 8.0 gm., corresponding to 1.54 gm. of proline, were ob- 
tained. 
Calculated, N 16.2; found, N 16.6 


The high result was probably due to the presence of some am- 
monium rhodanilate. The crystals were converted to free 
proline by treating with pyridine (15), and the acid recrystallized 
from butanol. 


CsH,O2N. Calculated, N 12.2; found, N 12.1 


Some of the amino acid was racemized by autoclaving with 
barium hydroxide and the copper salt of the racemic acid was 
prepared, crystallized from alcohol, and thoroughly dried in 
vacuo. 


CywH,O.N2Cu. Calculated, N 9.64; found, N 9.45 


The picrate, which was prepared from some of the free acid and 
recrystallized from water, melted at 154°. Proline picrate melts 
at 154° (16). 

, That the losses of proline during the fractionation were con- 
siderable can be seen from the following experiment. 550 gm. 
of dried mycelium were allowed to autolyze and the resulting 
solution was concentrated to 4 liters and treated with 60 cc. of 
concentrated H,SO, and then with an excess of HgSQ, in 5 per 
cent H.SO,. After mercury was removed from the filtrate with 
H.S, the solution was neutralized (pH 6.5) with NaOH and con- 
centrated to dryness under reduced pressure, and the residue 
was thoroughly extracted twice with alcohol. The alcohol was 
removed from the combined extracts under reduced pressure, 
the residue was dissolved in dilute H2SO,, and ammonium rhodan- 
ilate equivalent to the non-amino nitrogen was added to precipi- 
tate the proline; 15.0 gm. of crystals, equivalent to 2.88 gm. of 
proline, were obtained. 


Calculated, N 16.2; found, N 16.1 


The free amino acid was prepared and from it the picrate, which 
melted at 155°. 
Isolation of Isoleucine and Valine--The alcohol-insoluble ma- 
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terial obtained from the methyl! alcohol-soluble copper salts con- 
tained 11.2 per cent nitrogen. After two recrystallizations from 
95 per cent alcohol 4.5 gm. of beautiful crystals were obtained, 
but the nitrogen content was unchanged. This nitrogen content 
indicated a mixture of 60 per cent isoleucine and 40 per cent 
valine. 380 mg. were treated according to the method of Levene 
and Van Slyke (17) to separate these two acids. The insoluble 
lead salt weighed 404 mg., while theory is 410 mg. if the mixture 
was actually 60 per cent isoleucine and 40 per cent valine. 


CieHyO,N2Pb. Calculated, N 6.00; found, N 5.94 


The further identification of isoleucine was performed as in a 
previous publication (7). 

From the filtrate, 145 mg. of crystalline amino acid were ob- 
tained in the usual way (17). 


CsH;,O.N. Calculated, N 12.0; found, N 11.9 


i 
50 mg. were oxidized with 100 mg. of chloramine-T and the p-ni- 


trophenylhydrazone of the resulting volatile aldehyde was pre- 
pared. After several recrystallizations the melting point and 
mixed melting point with authentic isobutyraldehyde p-nitro- 
phenylhydrazone were 130-131°. Pure isobutyraldehyde p-ni- 
trophenylhydrazone melted at 131-132°. Since several recrystal- 
lizations were necessary in order to obtain the pure hydrazone, it 
is probable that the valine obtained still contained a trace of 
isoleucine. 

Isolation of Serine—The residual aqueous solution from the 
butanol extraction, which contained 5.77 gm. of nitrogen, was 
heated with excess copper hydroxide, and the excess of the latter 
was centrifuged out and washed. The deep blue solution was 
concentrated and treated with alcohol, and finally concentrated 
to dryness and extracted with alcohol. The alcohol solution was 
reserved for the isolation of threonine. Since the alcohol- 
insoluble copper salt was not quite pure serine copper salt, as 
judged by its nitrogen content (in a previous run analytically 
pure serine copper salt was obtained at this point), an aliquot 
was decomposed with H.S, and the free amino acid crystallized 
with the aid of alcohol. An amount equivalent to 29.7 gm. of 
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serine in the total quantity of copper salt was obtained, and on 
correction for the 19 per cent loss mentioned above, 36.7 gm. 
would have been found. 


C;H;O;N. Calculated, N 13.3; found, N 13.5 


The amino acid did not yield a volatile aldehyde when oxidized 
with chloramine-T, but from the reaction mixture a deep red 
crystalline p-nitrophenylosazone melting at 299-300° with de- 
composition was obtained. The p-nitrophenylosazone of glyoxal 
melts at 298-300° with decomposition (18). 

Some of the amino acid was racemized by autoclaving with 
barium hydroxide, and from 200 mg. of the racemic acid the 
phenylhydantoin was prepared. After recrystallization from 
water it melted at 161°. The phenylhydantoin prepared from 
synthetic serine melted at 160°, and the two when mixed melted 
at the same temperature. This melting point is slightly lower 
than that recorded in the literature (19). 


CyHwOsNe2. Calculated, N 13.6; found, N 13.6 


The 6-naphthalenesulfonyl derivative of the racemic acid melted 
at 210-212°. N-8-Naphthalenesulfonyl serine melts at 210° (20). 

Isolation of Threonine—The ethyl alcohol-soluble copper salt, 
which contained 1.3 gm. of nitrogen, was dissolved in water and 
decomposed with H.S. Since only a part of the nitrogen in the 
filtrate was amino nitrogen (Van Slyke), the solution was concen- 
trated under reduced pressure to about 25 ec., treated with 3 ce. 
of concentrated H.SQO,, and heated for 6 hours on the steam bath. 
After this treatment all the nitrogen was in the amino form. The 
solution, however, when oxidized with chloramine-T gave no 
volatile aldehyde. Since some ash was present, sodium carbon- 
ate and mercuric acetate were added, and the resulting precipitate 
was filtered off and decomposed with H.S. The filtrate from the 
HgS was concentrated under reduced pressure to a small volume 
and treated with absolute alcohol; 5.94 gm. of crystals formed. 


C,H;,O;N. Calculated, N 11.8; found, N 11.9 
When recrystallized from dilute alcohol, hexagonal plates were 


obtained. After correction for the 19 per cent loss mentioned 
above, 7.34 gm. would have been found. 
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The copper salt was prepared and crystallized from ethyl 
alcohol. 


CsH,,OsN2Cu. Calculated, N 9.35, Cu 21.2; found, N 9.30, Cu 21.0 


When 400 mg. of the acid were oxidized with chloramine-T ae- 
cording to the directions of Meyer and Rose (21), and the reac- 
tion mixture was warmed with a solution of 2,4-dinitrophenyl- 
hydrazine, a precipitate formed which when recrystallized from 
pyridine melted at 298-300° with decomposition. The 2,4-dini- 
trophenylosazone of methylglyoxal melts at 299-301° with de- 
composition (22). In a similar manner the p-nitrophenylosazone, 
melting at 299-301°, and the phenylosazone, melting at 142-144°, 
were prepared. The corresponding osazones of methylglyoxal 
melt at 302-304° and 143-144° (23). 

A small amount of the acid was reduced with red phosphorus 
and concentrated HI (21), and the resulting acid was oxidized 
with chloramine-T. The p-nitrophenylhydrazone of the volatile 
aldehyde which was formed melted at 119-120°. The p-nitro- 
phenylhydrazone derived from synthetic aminobutyric acid 
melted at 121°. 

Isolation of Tryptophane—The autolysate from 1100 gm. of 
dried mycelium was concentrated under reduced pressure to 2 
liters and filtered to removed tyrosine which had crystallized. 
Enough concentrated HoSO, was added to the filtrate to give a 
concentration of 5 per cent, 10 per cent HgSQO, in 5 per cent 
H2SO, was added until no more precipitate formed, and the 
mixture was allowed to stand overnight in the refrigerator. The 
precipitate was then filtered, thoroughly washed with 5 per cent 
H.SO,, suspended in water, and decomposed with H.S. The 
filtrate from the HgS was concentrated under reduced pressure 
to 300 ec., and while still quite acid was extracted continuously 
for 12 hours with butyl alcohol under reduced pressure. Dilute 
barium hydroxide was added to the extract and the butanol was 
removed under reduced pressure. The solution, which was alka- 
line with barium hydroxide, was then extracted continuously for 
70 hours with butyl aleohol under reduced pressure. The resid- 
ual aqueous solution then gave only a faint Hopkins-Cole test. 
Water was added to the extract and the butanol was removed 
under reduced pressure. The solution was adjusted to approxi- 
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mately pH 6, and extracted three times with 6 volumes of butyl 
alcohol each time; 10 mg. of tryptophane as determined by the 
Folin-Ciocalteu method (11) remained in the aqueous phase. 
After the butanol was removed from the extracts, the solution 
was acidified with H.SO, and extracted continuously with ether 
for 24 hours in an unsuccessful attempt to remove an acidic 
compound which was present. The residual aqueous solution 
was then treated with silver oxide and H.SO,, and the precipitate 
produced by these reagents was centrifuged off and washed with 
dilute H.SO,. After the filtrate was freed of silver with H,S, it 
was adjusted to approximately pH 6 with barium hydroxide, 
filtered from BaSO,, and concentrated under reduced pressure. 
Glistening plates soon formed which were filtered and washed with 
alcohol; 443 mg. were obtained. They gave good Hopkins-Cole 
and bromine water tests for tryptophane. 


Cy Caleulated, NH,-N 6.86; found, NH.-N 6.88 


By the Folin-Ciocalteu method (11) it was found that the crystals 
contained 99 per cent tryptophane. 

25 mg. were dissolved in 1 ec. of dilute HCI! and 2 ce. of con- 
centrated HCI were added. The pure white needles which sepa- 
rated melted at 250° with decomposition. Tryptophane hydro- 
chloride melts at 251° with decomposition (24). 

The picrate, prepared from 50 mg. of the crystals and 50 mg. 
of picric acid, crystallized from water in clusters of red needles 
and melted at 198-200° with decomposition. Tryptophane pic- 
rate in the same bath melted at 198-200° with decomposition. 
This melting point is slightly higher than that recorded by 
Mayeda (25). 


SUMMARY 


Aspartic and glutamic acids, tyrosine, leucine, proline, iso- 
leucine, valine, serine, threonine, and tryptophane have been 
isolated from an autolysate of the mycelium of Aspergillus sydowi 
and identified by analysis of the free acids and by examination 
and analysis of suitable derivatives. A considerable percentage 
of the nitrogen of the mycelium was contained in these pure 
compounds. 
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CRYSTALLINE ANHYDROUS AND MONOHYDRATED 
dl-GLUTAMIC ACID* 


By MAX 8. DUNN anpd M. PALMER STODDARD 


(From the Chemical Laboratory, University of California at Los Angeles, 
Los Angeles) 


(Received for publication, July 14, 1937) 


An improved method for the preparation of dl-glutamie acid 
and studies of the anhydrous and monohydrated forms of this 
amino acid are described in the present paper. 

The benzoylaminomalonic ester method of Dunn and coworkers 
(1) is considered to be the most practicable synthesis of glutamic 
acid but it has numerous steps and is subject to certain experi- 
mental difficulties. 

Fischer and coworkers (2) prepared dl-glutamic acid by heating 
a barium hydroxide solution of the d form for 9 hours at 160-170°. 
The yield of crude product was about 50 per cent of the theoreti- 
cal amount, although its chemical and optical purity were not 
determined. It seems probable that the relatively low yield may 
be explained by incomplete dehydration of the d-glutamic acid, 
incomplete racemization of the resulting l-a-pyrrolidonecarboxylic 
acid, or other factors rather than by imperfect hydrolysis of the 
intermediate dl-a-pyrrolidonecarboxylic acid, since the latter pro- 
cess probably was complete under the experimental conditions 
according to the observations of Foreman (3), Bethke and Steen- 
bock (4), and Wilson and Cannan (5). This procedure has been 


* Financial assistance in this work has been received from Amino Acid 
Manufactures, Chemistry Department, University of California at Los 
Angeles. 

The authors are indebted to Professor Joseph Murdoch, Department of 
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circle goniometer and for his aid in making and interpreting the goniometric 
measurements reported in the present paper. The photomicrographs were 
prepared by George H. F. Schnakenberg of Applied Micro Sciences, 1203 
Park Way, Beverly Hills, California. 
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used generally (6, 7), but it is less convenient than other methods 
for the preparation of racemic amino acids since an autoclave is 
required. 

The racemization of d-glutamic acid and certain other amino 
acids by heating their N-acetyl derivatives in water-acetic anhy- 
dride solutions, maintained at low hydrogen ion concentration by 
buffer action, has been described by du Vigneaud and coworkers — 
(8,9). It was shown earlier by Bergmann and Zervas (10) that 
acetyl-d-glutamie acid is racemized by heating it for 2 hours at 
100° in a glacial acetic acid-acetic anhydride solution. The prep- 
aration of di-glutamic acid hydrochloride, but not the free amino 
acid, was described by the first authors. According to estimates 
by the present authors the yield of analytically pure dl-glutamic 
acid which could be prepared by this method is about 38 per cent 
of the theoretical amount. | 

The authors’ attempts to prepare racemic glutamic acid by the 
thermal decomposition of dry monosodium d-glutamate were un- 
successful. The latter substance was readily dehydrated and 
liquefied when it was heated for 90 minutes at about 230°. The 
product, thought to be the sodium salt of a-pyrrolidonecarboxylic 
acid from the experiments of Abderhalden and Kautzsch (11), 
was optically active ({a]?? = —19° in water) but it underwent 
racemization, if at all, at a negligible rate. 

The decomposition of dry d-glutamic acid by heat was first in- 
vestigated in 1882 by Haitinger (12) who found that /-a-pyrroli- 
donecarboxylic acid was formed at temperatures of 180-190°. 
Detailed studies of the conditions for the formation of the l and 
dl forms of this substance were carried out in 1910 by Abderhalden 
and Kautzsch (13). The latter authors hydrolyzed the dl-a- 
pyrrolidonecarboxylic acid and isolated dl-glutamic acid hydro- 
chloride but its yield or purity was not determined. 

Essentially this same method was utilized by the present auth- 
ors in completely racemizing the crude d-glutamic acid obtained 
from 1 kilo of commercial monosodium d-glutamate and in isolat- 
ing 383 gm. (50.3 per cent of the theoretical amount) of crude 
dl-e-pyrrolidonecarboxylic acid. The latter substance was hydro- 
lyzed by boiling it with acid and 310 gm. of di-glutamic acid 
monohydrate were isolated from the hydrolysate. An additional 
154 gm. of this hydrate were obtained by hydrolyzing the dl-a- 
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pyrrolidonecarboxylic acid mother liquor. The total over-all 
yield from these reactions was approximately 48 per cent of the 
theoretical amount. 

In the procedure finally found to be most satisfactory, dry com- 
mercial monosodium d-glutamate was heated with solid am- 
monium chloride, as described in the experimental part. The 
intermediate formation of dl-pyroglutamide, as well as dl-a-pyr- 
rolidonecarboxylic acid, may be assumed, since Abderhalden and 
Kautzsch (14) have shown that the former substance is produced 
in low yield when ammonium d-glutamate is heated at 145-154°. 

In the purification of dl-glutamic acid it was noted that the 
crystals from water were almost entirely needles, while those 
from 50 per cent ethyl alcohol were largely plates. In subsequent 
experiments it was shown that a predominance of either needles 
or plates results when either a water solution or a solution of 
almost any alcoholic concentration of dl-glutamic acid is seeded 
with crystals of the appropriate type. These observations are in 
accord with earlier studies of a comparable nature on citric acid 
(15), zinc ammonium dl-lactate (16), cinnamic acid (17), dl- 
adrenalin (18), and 2-desoxyglucose (19). In order that the al- 
most complete formation of the desired type of crystal may be 
assured, however, the hot aqueous solution of dl-glutamic acid 
should be transferred to a clean container and seeded to prevent 
accidental seeding by the other form. As shown in the experi- 
mental part, the needles are monohydrous and the plates anhy- 
drous. So far as could be ascertained from the literature arginine 
is the only other amino acid known to form a hydrate (20, 21). 

In the light of the present studies it seems probable that previ- 
ous investigators have dealt with both the anhydrous and the 
monohydrated forms of dl-glutamic acid. In the account of his 
classical synthesis Wolff (22) stated that dl-glutamic acid crystal- 
lized from water as small plates which on analysis by Linck (22, 
23) were found to be orthorhombic and to have the following 
axial ratios: a : b : c = 0.7454 :1 : 1.2367. Although it seems 
probable that the crystals examined by Linck were of the anhy- 
drous variety, this conclusion could not be verified, since it was 
not possible to produce plates of a size large enough for gonio- 
metric measurements. 

On the other hand, Fischer and coworkers (2) obtained needle 
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erystals when a solution of inactive glutamic acid in 7 times the 
quantity of water stood for 8 days at 37°. According to Hintze 
(cf. (2)) these crystals consisted of prism, pyramid, and pinacoid 
forms, were orthorhombic and had axial ratios which agree closely 
with those calculated by the present authors from goniometrie 
measurements on needle crystals of dl-glutamic acid monohydrate, 
A table of comparative values, reported by Hintze and by the 
present authors, for normal interfacial angles of the needle crystals 
is given below. 


Hintze Authors 
110 : 110 71° 5A’ 
O01: 111 55° 31’ 55° 36’ 


111 : 111 = 83° 26’ 83° 48’ 
111 : 100 = 48° 8’ 48° 6’ 
100 : 110 35° 54’ 


The axial ratios a : b : ¢ = 0.7290 : 1 : 0.8686 were re- 
ported by Hintze, but the value for the c: 6 ratio appears to be 
0.8575 when the data which he gives are used in making the 
calculation. The axial ratios a:b: = 0.725 : 1 : 0.857 
were calculated from the authors’ experimental data. 

The plates, needles, and pyramids which Dunn and coworkers 
(1) obtained by slow crystallization of dl-glutamice acid from 
water may have been mixtures of the anhydrous and monohy- 
drated forms. ‘The material analyzed, however, was undoubtedly 
anhydrous, since it was precipitated from concentrated alcoholic 
solution and dried for many hours at 110°. 

The authors’ observations may serve to explain the divergent 
solubility data for dl-glutamic acid reported by Dalton and 
Schmidt (6) and Dunn and coworkers (24). Both groups used 
comparable gravimetric procedures in evaporating saturated 
solutions of this amino acid to constant weight at 60-65°. It was 
assumed that the products were anhydrous. It has been found 
in the present studies, however, that a mixture of the anhydrous 
and monohydrated forms is produced under these conditions and 
that the monohydrate, once formed, dehydrates at 60° at the 
rate of only about 0.01 per cent per day. 

Photomicrographs of anhydrous and monohydrated dl-glutamic 
acid crystals are shown in Figs. 1 to 4 and a drawing of a typical 
monohydrate crystal is given in Fig. 5. One additional set of 
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Fic. 3. Photomicrograph of dl-glutamie acid (anhydrous) crystal; * 775 
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pyramid faces, narrow line faces of indetermimate indices, was 


noted on some of the monohydrate crystals. 


It is evident fromm 


Fic. 4. Photomicrograph of a mixture of analytically pure, dry d/- 
glutamic acid, anhydrous and monohydrated forms; x 75. 


110 


Fic. 5. Clinographic projection of a typical crystal of dl-glutamie acid 
monohydrate. Ordinarily the ervstals are long and slender, are slightly 
flattened along the a@ axis, and readily fracture parallel to the base (001 


plane). 


the photomicrograph given in Fig. 4 and the authors’ experience 
that the purity of the anhydrous or the monohydrated material 
may be determined by microscopic examination, 
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EXPERIMENTAL 


dl-Glutamic Acid Monohydrate—100 gm. (0.59 mole) of com- 
mercial monosodium d-glutamate (Ajinomoto!) and 32.7 gm. 
(0.59 mole) of solid ammonium chloride were placed in a beaker, 
thoroughly mixed, and heated in a metal bath at 230-235°. 
After the evolution of ammonia and water vapor ceased, heating 
was continued for 1 hour with frequent ‘stirring of the molten 
mass. The black residue was refluxed for 5 hours with 200 ml. 
of 6 N hydrochloric acid and the hydrolysate was partially decol- 
orized by boiling it for 15 minutes with 20 gm. of norit A. The 
filtrate was evaporated under reduced pressure to a semisolid 
mass. The latter was dissolved in about 140 ml. of water at 50° 
and the solution brought to approximately pH 3 by the addition 
of about 35 ml. of concentrated ammonium hydroxide. This 
solution was allowed to stand overnight in the ice box and the 
almost solid mass of needles which formed was collected on a 
Buchner funnel and washed with ice water until it was freed 
from chloride ions. The yield of air-dried crystals was 58 gm. 
(59 per cent of the theoretical amount). 

An additional 4 gm. of crystals were obtained from the filtrate. 
The latter was evaporated under reduced pressure to a semisolid 
mass which was heated at about 200° until the evolution of gases 
ceased. The resulting dl-a-pyrrolidonecarboxylic acid was ex- 
tracted with 95 per cent ethyl alcohol, the alcohol distilled from 
the solution, and the residue hydrolyzed by refluxing it with 6 N 
hydrochloric acid. The acid solution was partially decolorized 
by boiling it with norit A and the filtrate evaporated under re- 
duced pressure. The residual material was dissolved in water 
and the solution brought to pH 3 by the addition of concentrated 
ammonium hydroxide. The monohydrate crystals deposited 
from this solution after it had stood overnight in the ice box. 

A solution of the crude crystals was optically inactive, as shown 
by analysis with a 0.01° polarimeter. (1 gm. of the crystals and 
1 equivalent of hydrochloric acid in about 17 ml. of solution in a 
1 dm. tube gave an observed rotation of —0.01°.) The crude 
crystals were approximately 99.4 per cent pure, as shown by titra- 
tion with standard base by means of the glass electrode. 


‘A pure grade of monosodium d-glutamate may be purchased from 8. 
Suzuki and Company, 230 Park Avenue, New York, under the trade name, 
Ajinomoto. 
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The crude di-glutamic acid monohydrate was dissolved in the 
minimum volume of boiling water (2.5 ml. per gm. of hydrate) 
and the solution transferred to a clean beaker containing a seed 
crystal of the monohydrate. The needles which formed when the 
solution stood overnight in the ice box were filtered, washed with 
ice water until freed from previously occluded chloride ions, and 
dried in air. The yield of product was 90 per cent of the theoreti- 
cal amount. In some experiments more than one recrystalliza- 
tion was required to bring the material to a state of analytical 
purity. A sample of the substance (CsH,O.N-H2O), dried at 
40° for 10 hours, had the following composition. Nitrogen, 
calculated, 8.48; found (Kjeldahl), 8.43, 8.44, 8.47; (Van Slyke), 
8.62, 8.62. Equivalent weight, calculated, 82.5; found (glass 
electrode), 82.5, 82.5, 82.5. 

Anhydrous dl-Glutamic Acid--The crude dl-glutamic acid mono- 
hydrate was dissolved in boiling water (4 ml. per gm. of hydrate) 
and the solution transferred to a clean beaker containing an equal 
volume of 95 per cent ethyl alcohol and a seed crystal of anhydrous 
dl-glutamiec acid. The six-sided plates which formed when the 
solution had stood overnight in the ice box were filtered, washed 
with 95 per cent ethyl alcohol, and dried in air. The yield of 
product was 96 per cent of the theoretical amount. ‘The prepara- 
tion of analytically pure anhydrous dl-glutamic acid is somewhat 
more difficult than that of the pure monohydrate and more than 
one recrystallization may be required. A sample of the substance 
(Cs5H,O4N), dried at 60-65° for 15 hours, had the following com- 
position. Nitrogen, calculated, 9.52; found (Kjeldahl), 9.54, 
9.53; (Van Slyke), 9.68, 9.74. Equivalent weight, calculated, 
73.5; found (glass electrode), 74.0, 73.8, 73.8. 
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ON THE NATURE OF THE ORGANIC PHOSPHORUS OF 
BLOOD HYDROLYZED BY THE PHOSPHATASES 
OF BONE, KIDNEY, AND BLOOD 


By STANLEY E. KERR ano ALBERT ANTAKI 


(From the Department of Biological Chemistry, American University of 
Beirut, Beirut, Lebanon) 


(Received for publication, July 9, 1937) 


Kay and Robison (1924) showed that an enzyme in ossifying 
cartilage readily hydrolyzes 14 to 36 per cent of the acid-soluble 
phosphorus in trichloroacetic acid filtrates of the blood of various 
species ata pH near 9. Kay determined, for a number of species, 
the amount of organic acid-soluble phosphorus of the erythrocytes 
which is split by the phosphatase prepared from bone (1925) and 
kidney (1928) under the conditions used by Kay and Robison 
(1924). The similarity between the amount of enzyme-hydrolyz- 
able phosphorus found by Kay for various species and the sum 
of nucleotide and acid-hydrolyzable phosphorus reported by 
Kerr and Daoud (1935) for the same species suggested to us that 
the adenosine triphosphate fraction! serves almost exclusively as 
the substrate for the enzyme. 

Other indirect evidence supports the view that this fraction is 
the substrate at pH 9. Warweg and Stearns (1936) estimated from 
a comparison of the hydrolysis rates of blood filtrates and of the 
phosphoglycerate prepared from blood that 62 to 75 per cent 
(average 68) of the organic acid-soluble phosphorus of human 
blood is phosphoglycerate (the diphospho-l-glyceric acid of Green- 
wald (1925)). Kerr and Daoud (1935) found in human blood an 


‘Kerr and Daoud (1935) interpreted the sum of nucleotide phosphorus 
and the organic phosphorus hydrolyzed in 7 minutes at 100° in Nn HCl to bea 
measure of the adenosinetriphosphate of blood. Since these figures prob- 
ably also include the adenine and some phosphorus belonging to the com- 
pound containing adenine and the amide of nicotinic acid, described by 
Warburg, Christian, and Griese (1935), it seems preferable to designate this 
group of compounds as the ‘“‘adenosinetriphosphate fraction.”’ 
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average of 20.4 mg. of organic acid-soluble phosphorus, of which 
5.4 mg. were hydrolyzed by N HC] in 7 minutes, and 2.8 mg. were 
nucleotide. The remaining 12.2 mg. of undetermined phosphorus 
(60 per cent of the total) correspond closely to the minimum figure 
given by Warweg and Stearns for phosphoglycerate. Hence it 
appears that the adenosinetriphosphate fraction and phospho- 
glycerate together account for practically all of the organic acid- 
soluble phosphorus.2- Bodansky and Bakwin (1934) showed that 
under the conditions used by Kay (1925, 1928) (pH 9 in the pres- 
ence of 3 to 4 per cent of trichloroacetic acid) diphospho-l-glycerie 
acid is not attacked by the bone phosphatase.* Hence the hydro- 
lyzable fraction is that containing adenosinetriphosphate and not 
more than a few mg. of other organic phosphorus. 

Direct evidence showing that adenosinetriphosphate may be 
split by the bone phosphatase was given by Barrenscheen and Lang 
(1932), who found that 36 per cent of the phosphorus of the pure 
salt may be hydrolyzed at the optimum pH (9.4) within an hour. 
Jacobsen (1933) concluded that the non-specific phosphatase 
(monophosphoesterase) can split all three phosphate groups from 
the adenosinetriphosphate of blood, whereas a specific enzyme 
prepared from liver removes only the ‘“‘pyrophosphate’’ group. 
Satoh (1935) showed that complete dephosphorylation of adeno- 
sinetriphosphate can be brought about by the combined action of 
monophosphoesterase and pyrophosphatase. Roche (1931) re- 
ported the breakdown of adenylic acid by phosphatase prepared 
from a number of sources. Folley and Kay (1936) reviewed evi- 
dence supporting the belief that the bone phosphatase is identical 
with the nucleotidase found in various tissues. 

Our experiments were designed to determine the extent of de- 


? Warweg and Stearns accounted for all but 4.4 mg. of the organic phos- 
phorus in human blood, but overlooked the presence of adenylic acid, which 
accounts for another 2.8 mg. Their figure for ‘‘pyrophosphate’’ is 3 mg. 
lower than the average for acid-hydrolyzable organic phosphate found by 
Kerr and Daoud (1935). Thus all of the organic phosphorus is accounted 
for. 

$’ Bodansky and Bakwin explained this by showing that the optimum pH 
for the activity of bone phosphatase on diphosphoglycerate is not at 9 
(the optimum for glycerophosphate), but between 7.4 and 7.8, and that 
trichloroacetic acid (3.5 per cent) inhibits the activity of the phosphatase 
and shifts the optimum pH about 0.4 pH further towards neutrality. 
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composition of the adenosinetriphosphate of blood (as measured 
by the nucleotide and the organic phosphorus easily hydrolyzed 
by acid) (a) by the phosphatases of bone and kidney under the 
conditions used by Kay (1925, 1928), 7.e. in trichloroacetic acid 
filtrates at pH 9; and (b) by the phosphatases of laked blood. 


Experiments on Trichloroacetic Acid Filtrates at pH 9 


Blood was defibrinated and immediately measured into 4 
volumes of iced 4.4 per cent trichloroacetic acid, and then brought 
to the laboratory and filtered. The filtrate therefore contained 
the same concentration (3.5 per cent) of trichloroacetic acid as in 
the experiments of Kay (1925, 1928). The filtrate was adjusted 
to pH 9 with cresolphthalein as indicator. One portion was 
treated with phosphatase extract (10 cc. of enzyme solution per 
100 ec. of filtrate) and a few drops of chloroform, and then in- 
cubated at 37° for 8 to 20 hours. After incubation sulfurie acid 
was added in amouni calculated to be the molar equivalent of the 
trichloroacetic acid present, and sufficient extra 40 per cent tri- 
chloroacetic acid was added to bring the final concentration to 8 
percent. The precipitated protein was removed by filtration, and 
the filtrate analyzed for its content of inorganic phosphorus, 
organic phosphorus hydrolyzed in 7 minutes at 100° in the presence 
of N HCI, and purine nucleotide. Allowance was made for dilu- 
tion caused by the various additions, and correction made for 
phosphate in the enzyme extract. The portion of blood filtrate 
reserved as a control was handled in the same way with the excep- 
tion that the extra acid was added immediately after the enzyme 
extract and the period of incubation was omitted. 

Phosphorus was determined by the method of Fiske and Sub- 
barow (1925), and nucleotide according to Kerr and Blish (1932). 
The phosphatase extracts, prepared from bone as described by 
Robison (1932) and from kidney according to Kay (1926), were 
dialyzed against running water for 18 hours. The phospholytic 
activity of the extracts was checked on 6-glycerophosphate. 

In Table I the results of experiments with bone and kidney phos- 
phatase are presented. During incubation of the enzyme-treated 
trichloroacetic acid filtrates at pH 9 for periods of 8 to 18 hours the 
greater part of the acid-hydrolyzable organic phosphorus is de- 
stroyed, and the nucleotide itself suffers decomposition, the loss 
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in terms of phosphorus averaging 54 per cent.4 The increase of 
inorganic phosphorus exceeds the combined loss of nucleotide and 
acid-hydrolyzable phosphorus in all but one specimen, thus in- 
dicating the hydrolysis of a phosphorus compound in the undeter- 
mined fraction. The amount of phosphate thus liberated from 
sources other than adenosinetriphosphate by means of bone en- 
zyme extracts is small, varying from 0.9 mg. (dog) to 4 mg. (pig), 
whereas with kidney extracts larger amounts were found (6 mg. 
for dog, and 16 mg. for pig blood). 

The results indicate that although the substrate for the phos- 
phatase at pH 9 in most of the blood filtrates studied is almost 
entirely adenosinetriphosphate, in addition an unidentified com- 
pound contributes significantly to the phosphate liberated in pig 
and dog blood, particularly when kidney extracts are used. The 
figures presented by Kay (1925, 1928) for enzyme-hydrolyzable 
phosphorus approximate the adenosinetriphosphate fraction, 
because the unhydrolyzed portion of the latter is compensated by 
a small amount of phosphate liberated from another source. 


Autolysis of Organic Acid-Soluble Phosphorus in Laked Blood 


The autolytic breakdown of organic phosphorus in laked human 
blood was studied by Martland, Hansman, and Robison (1924). 
Out of a total of 27 mg. of organic phosphorus they found 19 mg. 
to be hydrolyzed during 20 hours, after which the hydrolysis pro- 
ceeded at a much slower rate. Warweg and Stearns (1936) 
noted that the enzymic hydrolysis of the organic phosphorus in 
blood filtrates proceeded most rapidly during the first 24 hours at 
pH 8.8, after which the progress was most rapid at pH 7.4. Since 
the optimum pH for the hydrolysis of diphospho-l-glyceric acid 
by the monophosphoesterase is pH 7.5 (Bodansky and Bakwin, 
1934), Warweg and Stearns concluded that the ester remaining 
after the first 24 hour hydrolysis was the phosphoglycerate. 
These facts suggest that during the autolysis of laked blood the 
adenosinetriphosphate fraction is the first to suffer decomposition. 


‘Nucleotide phosphorus was calculated from the values obtained for 
nitrogen on the assumption that in fresh blood the purine is entirely present 
as adenine. For incubated blood, however, an N:P ratio of 4:1 was used, 
since Satoh (1935) has shown that monophosphoesterase extract acting on 
adenosinetriphosphate produced inosine pyrophosphate. 
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In order to test this deduction by direct analysis we studied the 
changes occurring in pig blood after laking. The blood was de- 
fibrinated and immediately sampled at the slaughter-house. The 
control specimen was measured into 4 volumes of ice-cold 10 per 
cent trichloroacetic acid. Another portion was hemolyzed by 
addition of 2 volumes of water, then brought to the laboratory, and 
incubated at 37°. No buffers were used to control the pH, since 
it was considered desirable to introduce no foreign substance. At 


TABLE II 
Autolysis of Organic Acid-Soluble Phosphorus in Laked Pig Blood 
Blood laked with 2 volumes of water and incubated at 37°. 


| | Mg. per 100 cc. whole blood 


| | lyzable P| tide N ganic P 
| 1} hrs. after laking | 13.9 | 26 | 9.0 738 | 
2 Immediate | 3.8 
hrs. after laking 103 6.5 64 
Ip hrs. after laking | 11.4 6.2 75 
4 Immediate | £9 9.0 | 10.3 
after laking 13 3 & 7.4 7.5 
hr. afterlaking 102 


the end of the period of incubation, proteins were removed by 
addition of sufficient trichloroacetic acid to make the final con- 
centration 8 per cent. 

Table II shows the changes occurring during 13 hours in four 
samples (Experiments 1 to 4) and at intervals over a 48 hour period 
in another specimen (Experiment 5). During the 13 hour incuba- 
tion period the loss of acid-hydrolyzable organic phosphorus 
amounted to 78 to 95 per cent, while nucleotide nitrogen decreased 
12 to 31 per cent (average 17). The increase of inorganic phos- 
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phorus is entirely accounted for by the loss of acid-hydrolyzable 
phosphorus. In Experiment 5 the breakdown of hydrolyzable 
phosphorus and nucleotide proceeded rapidly for 3 hours, then 
ceased, after which a slow but continuous production of inorganic 
phosphorus from another source took place. 

The loss of nucleotide nitrogen in the hemolyzed specimens 
during the 14 hour period of incubation can be completely ac- 
counted for in Experiments 1, 3, and 4 by a conversion of adenylic 
to inosinie acid (Satoh, 1935) with no further decomposition of the 
nucleotide. In Experiment 2 the small loss of nitrogen indicates 
a partial deamination. Longer periods of autolysis result in more 
complete disintegration of the nucleotide. 

These results indicate that adenosinetriphosphate loses two 
phosphate groups and is deaminized within 14 hours, the nucleo- 
tide suffers decomposition within the next 14 hours, while a com- 
pound in the undetermined fraction (presumably diphosphogly- 
cerate) slowly contributes to the inorganic phosphate liberated. 

Our experiments support the conclusions of Mozolowski (1929) 
rather than those of Heller and Klisiecki (1932) in regard to the 
decomposition of nucleotide in blood. The former author found 
that when pig blood is allowed to stand for 48 hours the adenine 
nucleotide is gradually converted to inosinic acid and the latter 
to inosine or hypoxanthine. The ammonia liberated during this 
period had its origin in part from the nitrogen made available by 
the deamination of adenine. Heller and Klisiecki, however, found 
no loss of adenine nucleotide even after extensive ammonia forma- 
tion in hemolyzed sheep blood.§ 


SUMMARY 


Bone and kidney phosphatases in the presence of 3.5 per cent 
trichloroacetic acid at pH 9 cause the breakdown of adenosine- 
triphosphate in blood filtrates, hydrolyzing the greater part of 
the acid-hydrolyzable organic phosphorus and of the nucleotide. 
Portions of the undetermined organic phosphorus fraction, vary- 
ing from negligible quantities to 10 mg. per 100 cc. in pig blood, are 
also hydrolyzed. 

* Their figure for the adenine nucleotide content of sheep blood (25 to 


28 mg. per 100 cc., equivalent to 1.9 to 2.1 mg. of P) is twice as great as that 
found by Kerr and Daoud (1935). 


Aes 


i 
4 
4 
| 
at 
: 
| 
“| 
| 
4 
j 
| 
4 
| 
4 
| 


538 Organic Phosphorus of Blood 


In laked blood also the acid-hydrolyzable phosphorus and nu- 
cleotide are decomposed by the blood phosphatases within 3 hours, 
while the diphosphoglycerate fraction is hydrolyzed at a much 
slower rate. 
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REACTIONS OF SEMIMERCAPTALS WITH AMINO 
COMPOUNDS 
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Semimercaptals are formed by the reversible reaction between 
aldehydes and mercaptans (1). 


(A) R-SH + R’-CHO = R’-CHOH-S-R 


In the special case of cysteine, however, thiazolidines are formed. 
It is possible that in this case the reaction occurs in two successive 
steps, the formation of a semimercaptal as in (A) being followed 
by ring closure: 


OH NH—CH—COOH 
(B) R-CH } — R-CH | 

\ 


S.CH,-CH—COOH 


Evidence for this sequence has been found by Ratner and Clarke 
(2). In view of this it seemed possible that the hydroxyl group of 
semimercaptals might react with amino groups in other molecules, 
even though in such a case no ring compound would be formed. 
A reaction of this kind has in fact been found to occur and a 
number of compounds have been isolated apparently formed by 
interaction of semimercaptals with amino compounds according 
to equation of the types: 


(C) R-OH + R‘'NH, R’-NH-R + H,O 
(D) 2R-OH + R’NH: — R’-NR; + 2H,0 


To obtain crystalline products thioglycolic acid anilide semimer- 
captals have been used and all those described in this work are 
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derived from S-hydroxymethylthioglycolic acid anilide (1); that 
is, R in equations (C) and (D) is (CH2.-S-CH2-CO-NH-Ce.Hs). 
The compounds isolated are those in the list numbered (II) to 
(V1). The reaction occurs easily at room temperature in alcohol, 
50 per cent aqueous alcohol, or glacial acetic acid. Some amino 
compounds gave no clear cut results. For example with dimethyl- 
amine no crystalline products resulted, with proline no reaction 
at all appeared to occur, while urea and thiourea gave results 
indicating the formation of a mixture of several compounds. 


I. HO-CH,-S-CH,-CO-NH-C.H; = HO-R. IT. 
CsHs-NH-NRe. IV. C,sHioNR. V. HOOC-CH,- NR, 
VI. 0 HOOC-C.Hy: NHR. HgCl, 


CH; OH NH—CH —COOH 
C C 
HOOC HOOC S—-—CH, 
VIII, A ) VIII, B 
CO-CH, C'O-CH, 
| 
| 
CH; N-——-CH— COOH N-—-—-CH 
\ 
\ 
CH,;—C—S—CH, CO 
HOOC S—-CH; 
IX x 
CH; OH O—COQ 
Cc C.H,;-CO-CH 
HOOC S—CH.—COOH S—CH, 
XI XII 


‘These new compounds, just as the semimercaptals and the 
thiazolidines, when dissolved in alcohol, behave as if dissociated 
more or less into their components by reversal of equations (A) 
to (D). One way of showing this is with mercuric chloride which 
gives an immediate precipitate of the crystalline mercaptide 
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(VII) with all of these compounds. The same mercaptide can be 
precipitated from alcoholic solutions of the semimercaptal (1) or of 
thioglycolie acid anilide itself. The acetate of the semimercaptal 
(I), previously described (1) gives no mercaptide with mercuric 
chloride, in agreement with the relative stability noted for this 
compound. 

Treatment of alcoholic solutions or suspensions of the com- 
pounds (I) to (VI) with iodine also indicates their easy dissocia- 
tion. In all cases dithiodiglycolic acid dianilide has been isolated 
and identified, while in the case of the compound (II) there is 
also formed formaldehyde dinitrophenylhydrazone. Approxi- 
mately 1 equivalent of iodine is absorbed for each equivalent of 
semimercaptal radical present but the end-points are so ill defined 
that no attempt was made to titrate. 

The easy dissociation of the compounds (II) to (VI) makes 
derivative formation and_ structure determination difficult. 
Given the structure of the semimercaptal, (IV), (V), and (VI) are 
the only products agreeing plausibly with the analytical data. 
A crystalline hydrochloride of the piperidine compound (IV) is 
easily obtained. Since (II) on oxidation with iodine gives as one 
product formaldehyde dinitrophenylhydrazone, the structure 
shown seems most likely. That shown for (III) merely follows 
by analogy. 

The compounds described are substituted aminomethyl thio- 
ethers. McLeod and Robinson (3) have described such com- 
pounds formed, however, by a different reaction sequence: 


R,NH + CHO R,N-cH,oH 


The fact reported previously that cysteine and pyruvic acid 
react to form an addition compound is of special interest, as this 
would be the only such compound of cysteine known in which the 
cyclization step (B) appears to be inhibited. By the method used 
for the preparation of this compound it was difficult to obtain it 
free of potassium chloride. This has now been changed, so that 
the compound can be obtained quite pure by direct crystallization 
from alcohol. This substance can be boiled with water and may 
be recrystallized in this way without any change. The only 
difficulty is that the analytical results of products obtained by 
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direct crystallization from aleohol or by recrystallization from 
water fluctuate between those required for the addition compound 
(VIII, A) and the thiazolidine (VIII, B). Melting points are 
also variable. From dilute aqueous solution of this compound 
a very insoluble, crystalline zine salt can be precipitated. From 
benzene a pyridine salt ean be crystallized which must be a salt 
of (VIII, B). 

Supporting evidence previously given for the structure (VIII, 
A) was the formation of a diacetate. This must now be cor- 
rected, as no such compound can be obtained by the method 
given. The compound reported may have been the acetate (IX) 
contaminated with sufficient potassium chloride to lower the 
nitrogen and sulfur percentages to those reported. 

On acetylation by various methods the compound (VIII) gives 
a mixture of two compounds, one of which is the acetate (LX) 
and the other is an anhydride of this and probably has the strue- 
ture (X). Evidence for this anhydride structure is the fact that 
the compound (X) in chloroform with toluidine gives a toluidide. 
The acetate (LX) does not give an insoluble zine salt but a pyridine 
salt has been prepared. 

Belief in the existence of the cysteine-pyruvie acid addition 
compound has no justification at present. All attempts to pre- 
pare derivatives by substitution of both amino and hydroxyl 
groups have failed. Since the only derivatives which have been 
isolated are distinctly derivatives of the thiazolidine (VIII, B), it 
seems best at present to assign this structure to the compound. 

The compound of pyruvic acid and thioglycolic acid (XI) was 
first described by Bongartz (4). This appears to be even more 
labile than the cysteine-pyruvic acid compound, as already 
pointed out by Friedmann and GirSavi¢ius (5). In aqueous 
solution shaken with sodium bicarbonate and a-naphthyl iso- 
eyanate only the derivative of thioglycolie acid is obtained. 
Attempts to acetylate yielded only oils. In this connection it 
may be mentioned that the semimercaptal of phenylglyoxal and 
thioglycoliec acid already described (6) on acetylation yields not 
the acetate but the lactone (XII). A lactone similar to this has 
been described by Holmberg (7). 

In studies on the conversion of methylglyoxal to lactic acid in 
the presence of glyoxalase, glutathione is used as the coenzyme. 
It has usually been assumed that glutathione and methylglyoxal 
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first combine to form a semimercaptal and that the enzyme reacts 
with this addition compound (8-10). The ease of reaction of the 
semimercaptal hydroxyl group with amino groups raises the pos- 
sibility that the free amino group of glutathione may also be 
involved. ‘This could take place in two ways. Either the same 
glutathione molecule forming the semimercaptal could also split 
out water to give a 10-membered ring or a 2nd molecule of gluta- 
thione could react with the semimercaptal hydroxyl group. As 
has been pointed out above, even in the relatively simple case of 
eysteine and pyruvic acid it is not easy to decide between the semi- 
mercaptal and the thiazolidine forms. In the case of the gluta- 
thione-methylglyoxal compound, where the product is not well 
erystallized, this will be even more difficult. 


EXPERIMENTAL 


Compound II—To a solution of 2 gm. of S-hydroxymethyl- 
thioglycolic acid anilide (I) in 25 ec. of glacial acetic acid are 
added 1.8 gm. of 2,4-dinitrophenylhydrazine. The mixture is 
shaken 1 to 2 hours at room temperature and is converted to a 
thick suspension of bright yellow crystals. These are filtered off 
and dissolved in 150 ee. of preheated alcohol. The clear yellow 
solution is filtered, cooled quickly, and set on ice for a few hours. 
Bright, shiny, long yellow plates with pointed ends, m.p. 125- 
127°; yield, 1.8 gm. 


Calculated for (II). « N 18.56, S 8.49; found, N 18.00, S 8.20 


Compound IIJ-—A mixture of 5 gm. of (I), 1.9 gm. of phenyl- 
hydrazine hydrochloride, 25 ec. of aleohol, and 20 ec. of aqueous 
1 M potassium acetate is shaken for a few minutes. ‘The solution 
becomes clear. It is allowed to stand at room temperature for 
about 12 hours, during which time a thick crystal deposit forms. 
About 50 ce. of water are stirred in and the crystals are filtered. 
They are crystallized once or twice by dissolving in about 100 ee. 
of hot alcohol, filtering, and stirring in about 50 ee. of 50 per cent 
alcohol. Yield, 4.8 gm.; m.p. 120-122°. 


Calculated for (III). N 12.01, 8 13.73; found, N 11.49, 8S 13.91 


Compound IV—To asuspension of 2 gm. of (I) in 5 ee. of 50 per 
cent alcohol are added 1.2 cc. of piperidine. The mixture gets 
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warm, the crystals of (I) dissolve, and an oil separates. After 
standing at room temperature for a few hours, 20 cc. of water are 
added and the mixture is set on ice, where the oil crystallizes. 
The product is recrystallized by dissolving in 10 cc. of aleohol and 
precipitating with 30 cc. of water. Yield, 1.9 gm.; m.p. 60-61°. 


Calculated for (IV). N 10.60, S 12.12; found, N 10.55, S 12.20 


The hydrochloride of (IV) is prepared by dissolving (IV) in 
alcohol, passing in dry HCl, and adding ether. M.p. 180-182°. 


Calculated for hydrochloride of (IV). 8S 10.66, N 9.33, Cl 11.81 


Compound V—To 8 gm. of (I) in a flask are added 1.6 gm. of 
glycine, 40 ec. of alcohol, and 20 cc. of water. The mixture is 
allowed to stand with occasional shaking for about 8 hours. To 
the clear solution 100 cc. of water are added and the mixture is 
chilled on ice. The oily deposit crystallizes slowly. It is filtered 
off, dissolved in 20 ec. of hot alcohol, and, after cooling, 20 cc. of 
water are stirred in. After the oily deposit has crystallized, it is 
filtered off and dried. M.p. 109°; yield, 2 gm. 


Calculated for (V). 8S 14.77, N 9.70; found, S 15.36, N 9.27 


Compound VI—2 gm. of (1) and 1.2 gm. of anthranilic acid are 
dissolved in 10 ec. of aleohol. After an hour erystals begin to 
deposit. The mixture is allowed to stand 4 hours more; then 10 
ec. of aleohol and 20 ec. of water are added. The thick deposit of 
crystals is filtered off and recrystallized from 25 ec. of hot alcohol. 
Yield, 2 gm.; m.p. 146-148°. 


Calculated for (VI). S 10.13, N 8.86; found, S 9.96, N 8.84 


This compound dissolved in alcohol shows a blue fluorescence like 
that of anthranilic acid. 

Compound VII—If any of the compounds (I) to (VI) or if 
thioglycolic acid anilide itself be dissolved in alcohol, about 0.5 
gm. in 100 ec., and an alcoholic solution of mercuric chloride be 
added, there is formed immediately a crystalline deposit of 
branched needles. This is filtered off and washed with a large 
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volume of alcohol. The figures given here are those obtained 
from thioglycolie acid anilide itself and mercuric chloride. 


Calculated for (VII). S7.96, N 3.48, CL8.83; found, 87.85, N 3.75, C18 .61 


The cysteme-pyruvic acid compound (VIII) can be made free 
of potassium chloride by using pyridine as a base instead of potas- 
sium acetate as described previously. To a suspension of 6.4 
gm. of cysteine hydrochloride in 30 cc. of alcohol are added 3.2 
ec. of pyridine and 4.0 ce. of pyruvic acid. The mixture is shaken 
for 10 minutes. It becomes slightly warm and gives a clear 
solution. It is filtered, 15 ce. more of alcohol are added, and it 
is then allowed to stand at room temperature for 4 hours with 
occasional stirring to speed up the crystallization which soon 
sets in. After standing on ice for 24 hours more with frequent 
stirring, the thick crystal suspension of needles is filtered off and 
washed with alcohol. The yield varies from 4.0 to 5.3 gm. The 
filtrate deposits more crystals but their analysis is more variable. 
The data on three independent preparations are given below, 
Samples 1 to 3. 

If the product just described be dissolved in hot water, 1 gm. 
to 10 ec., and the solution be heated in a bath at 90-100° for an 
hour or two, there are slowly deposited, after chilling, crystalline 
needles. Analysis of three separate preparations are shown in 
Samples 4 to 6. 


S N M. p. 
( decom me ) 

Caleulated for (VIII, A). 15.31 6.70 

Found. Sample 1. 15.45 6.74 160-161 

pe 15.59 7.14 154-155 

15.76 6.90 165-166 

15.69 7.18 152-153 

16.35 7.02 165-166 

15.90 7.17 152-153 


An aqueous solution of (VIII) gives with zine acetate a erystal- 
line precipitate, quite insoluble in water, consisting of six-sided 
plates. 


Calculated. 3S 10.38, N 4.55 
Found. 
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To 1 gm. of the cysteine-pyruvie acid compound are added 2 
to 3 ce. of pyridine. After a clear solution results, the excess 
pyridine is evaporated in a vacuum over H,SQO,. The residue is 
stirred up with benzene, from which the erystalline product, 
the monopyridine salt of (VIII, B), separates. It is filtered and 
washed with benzene. M.p. 100-101°. 


Calculated. 5S 11.8: 
] 


Found. 


A mixture of 25 ec. of acetic anhydride, 5 cc. of acetic acid, and 
5 ee. of pyridine is shaken with 5 gm. of the cysteine-pyruvic acid 
compound (VIII). <A clear solution results in a few minutes. 
After standing at room temperature for 5 hours it is evaporated 
in vacuo to a very thick syrup. The residue is rinsed out with 
10 ec. of chloroform; then 125 ce. more of chloroform are added 
which precipitate an oil. When this has settled, the chloroform 
is decanted (see below). The residue is dissolved in 8 ce. of 
hot water and chilled. The crystallization is slow and is speeded 
up by seeding. M.p. 225-226°; yield, about 0.8 gm. 


Calculated for (IX). 8S 13.73, N 6.01; found, 8 13.60, N 5.88 


The chloroform decanted from the product (IX) is evaporated 
in vacuo to a thick syrup, the residue is dissolved in 6 cc. of alco- 
hol, and 20 ec. of water are added. A crystalline product sepa- 
rates which is filtered off (for the filtrate, see below). Thecrystals 
may be dissolved in 5 ce. of hot alcohol and quickly precipitated 
again with water. Yield, about 0.6 gm.; m.p. 134-136°. 


Calculated for (X). S 14.88, N 6.51; found, 8 15.13, N 6.52 


The filtrate from this product is evaporated in vacuo to a syrup 
and the residue is dissolved in 4 to 5 ec. of absolute alcohol and 
t cc. of ethyl acetate are added. A crystalline product is slowly 
formed. Yield, about 1 gm. This may be recrystallized from a 
small volume of hot alcohol. It is the pyridine salt of (IX). 
Yield, about 0.7 gm.; m.p. 160-162°. 


Calculated. S 10.25, N 8.98 
Found. 


N 10.37 
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If this pyridine salt is dissolved in water and acidified with hydro- 
chlorie acid, the acetate (1X) crystallizes out. 

A solution of 0.4 gm. of the compound (X) and 0.2 gm. of 
toluidine in 2 cc. of chloroform is allowed to stand overnight in a 
stoppered flask. The chloroform is evaporated and the residue 
is dissolved in 5 cc. of hot alcohol and 5 ec. of 6 mM HC] are added. 
Crystals begin to separate and 15 ec. of water are added. After 
chilling, the crystalline product is filtered off, dissolved in alcohol, 
and reprecipitated with water. The product is a monotoluidide 
of the unsymmetrical dibasic acid (IX). 


Calculated. 8 9.94, N 8.70 
Found. 


Acetylation of the compound (VIII) has also been tried with 
HCI as catalyst and with ketene but the results are essentially 
the same as those reported above. 

Compound (XI) can easily be obtained in crystalline form by 
bringing together pyruvic acid and thioglycolic acid in ethyl 
acetate. It has a melting point of 112-113°. On shaking an 
aqueous solution neutralized with sodium bicarbonate with 
a-naphthyl isocyanate, filtering, and acidifying with HCl, a 
product is obtained which on crystallization from alcohol has 
a melting point of 171-172°. This appears to be C)H;-NH-- 
CO-S-CH.-COOH, as the same compound is formed by treating 
thioglycolic acid similarly. Analysis confirms this. 


Calculated. S 12.25, N 5.36 


When the cysteine-pyruvie acid compound is treated with a- 
naphthyl isocyanate in this same way, a product is obtained which 
approximates in composition the a-naphthyl urea derivative of 
(VIII, B). 


Ci7HisO,N28S. Calculated. S 8.89, N 7.78 
Found. 7.31 


This indicates that the cysteine-pyruvic acid compound, even in 
bicarbonate solution, is not so extensively dissociated as the thio- 
glycolic-pyruvie acid compound. 

The lactone (XII) is easily prepared from the semimercaptal 
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of thioglycolic acid and phenylglyoxal (6) by treatment with 
acetic anhydride and anhydrous sodium acetate at room tempera- 
ture. On pouring the acetylation mixture into water, a crystal- 
line product results. This may be recrystallized from hot water 
or dissolved in chloroform and thrown out with petroleum ether. 
M.p. 93-94°. 


Calculated for (XII). 8S 15.37; found, 8 15.51 


The analytical part of this work has been done by Mr. G. 
Bitterlich. 


SUMMARY 


The hydroxyl group of the semimercaptal, 5-hydroxymethyl- 
thioglycolic acid anilide, can react with certain primary and 
secondary amino compounds to form substituted aminomethyl 
thioethers. These compounds resemble the semimercaptals in 
the ease with which they dissociate again in solution. 

The compound of cysteine and pyruvie acid has yielded only 
derivatives of the thiazolidine structure. The addition com- 
pound of cysteine and pyruvie acid previously reported has no 
evidence to support it. 
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THE RATE OF CHANGE OF ALKALI RESERVE AFTER 
INGESTION OF SALTS OF ORGANIC COMPOUNDS 


II. RATE OF CHANGE OF ALKALI RESERVE AFTER INGESTION 
OF SODIUM CITRATE AND SODIUM BICARBONATE* 


By JANE CAPE anno ELMER L. SEVRINGHAUS 


(From the Department of Medicine, University of Wisconsin, Madison) 
(Received for publication, January 23, 1937) 


The purpose of the present study 1s to ascertain how soon the 
ingested salts of organic acids produce any significant change in 
base, pH, and CO, content of blood serum. It was expected that 
the results might be of assistance in appraising the value of citrus- 
fruits in relieving acidosis. 

In a previous publication (1) data were presented which showed 
no significant variation in the CO,.content and total base in blood 
sera of normal individuals under basal conditions over a 5 hour 
period. These data furnished a control group for comparison 
with the experiments here reported. The procedures were the 
same as those described in the preceding paper (1). Blood was 
drawn by venepunctures, from the same vein in most instances, 
without stasis and collected and centrifuged under oil. Samples 
of 15 to 20 ce. were drawn at half hour intervals, the withdrawals 
beginning before breakfast and concluding at about 10 a.m. 

Effect of Sodium Citrate Ingestion—In the first series of experi- 
ments twelve normal subjects were examined to determine the 
rate of action of ingested sodium citrate under basal conditions. 
Blood was collected immediately before sodium citrate solution was 
given and at half hour intervals up to 90 minutes. 6 gm. of sodium 
citrate were given dissolved in 200 ec. of water. 

From examination of Table I it is seen that in this series seven 
of the subjects (Nos. 28, 29, 32-35, 37, and 41) show values for 


* A preliminary report of this paper was presented before the Twenty- 
seventh meeting of the American Society of Biological Chemists at Cin- 
cinnati, April, 1933, and the Twenty-ninth meeting at Detroit, April, 1935. 
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CO, content, pH, and total base which differ only slightly from 
those obtained with the subjects under basal conditions. In four 
subjects (Nos. 30, 31, 36, and 42) the COs: rose from 6.2 to 10.3 
volumes per cent, whereas the pH and total base fluctuated 
slightly. 

The peak of response varied in the different individuals from 
30 to 90 minutes. In nine cases the peak for CO, content was 
reached at the end of 1 hour. In one case the peak occurred in 
30 minutes, whereas two reached it in 90 minutes. The same 
results were obtained for pH, but slight response was shown in 
any case for total base. 

From these data one would conclude that the rise in alkali 
reserve after the ingestion of 6 gm. of sodium citrate is slight, the 
extent varies, the effect is brief, and the values tend to approach 
the initial preingestion value at the end of the 90 minute period. 

Effects of Sodium Bicarbonate Ingestion—This series was planned 
to show the relative effects of sodium bicarbonate ingestion com- 
pared with sodium citrate. The dose was 5 gm. of sodium bicar- 
bonate, the sodium equivalent of 6 gm. of the citrate. Diarrhea 
occurred in only one case out of the eight subjects within the hour 
after its administration. 

The rise in CO, level over the preingestion value ranged from 
0.11 to 8.85 volumes per cent, as shown in Table Il. The pH 
increases range from 0.02 to 0.15. The total base ranges from 
0.0 to 7.9 milliequivalents per liter. In Subject 47 a rapid rise of 
30.3 milli-equivalents was observed, but the sodium bicarbonate in 
this case had a very definite purgative effect. 

The peak of response for CO, content and pH occurred at 30 
minutes in three subjects, at 60 minutes in three others, and in 
two cases (Subjects 47 and 51) the peak for CO, and pH occurred 
in the 90 minute period, although the total base had dropped. 

In these series the sodium citrate ingestion caused an increase 
in COs (0.97 to 10.3) comparable to sodium bicarbonate (0.11 to 
8.85), but the latter had a slightly greater range in pH and total 
base. The sodium bicarbonate was comparable in its effect and 
rate of response to the sodium citrate. 

Effect of Larger Doses of Sodium Citrate—In order to determine 
the effects of larger amounts of sodium citrate, preliminary obser- 
vations were made on a few normal subjects after ingestion of 
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12 gm. of the salt. In another series six subjects were given each 
a 20 gm. dose. Some subjects were studied for 2 hours. 

In the experiments with larger doses we observed from Table III 
that the maximum response occurred at times varying from 90 
minutes to 2 hours with the different individuals. The rise in 
alkali reserve after the ingestion of a 20 gm. dose varied from 5.8 
to 12.1 volumes per cent. The CO: changes in all cases in the 
series with a 20 gm. dosage fell outside the limits of normal varia- 
tions, whereas half the subjects receiving the smaller doses of 
citrate or bicarbonate had shown variations within the normal 
range. An increase of from 0.08 to 0.11 pH was shown, whereas 
the total base remained more constant or within the range of 
normal variations, as determined by the authors in a previous 
paper (1). 

Effect of Bicarbonate and Citrate Ingestion in Clinical Cases— 
Observations were made on the relative effects of both sodium 
citrate and sodium bicarbonate on the rate of increase of alkali 
reserve of patients in varying stages of diabetic acidosis (Table IV, 
Subjects 44 and 46). 

The clinical cases reported in Table IV were patients in the 
hospital for treatment for diabetes. Subjects 44 and 46 (same 
patient) had xanthomata on the lateral side of the arms. The 
blood was lipemic. The patient had no insulin treatment previous 
to the study. On the Ist day the subject was given 6 gm. of 
sodium citrate and on the 2nd day 5 gm. of sodium bicarbonate, 
under basal conditions. An increase of 3.95 volumes per cent in 
CO, content occufred during the first 30 minute period after 
sodium citrate ingestion (Subject 44). There was an increase of 
9.2 volumes per cent in 30 minutes with sodium bicarbonate 
ingestion (Subject 46) which was twice as effective as sodium 
citrate, but the rate of response was the same. There was a 
gradual drop after the first period. The initial total base value 
wus high and decreased after ingestion of the salts. 

Subject 39 was a patient with severe diabetes in a state ap- 
proaching coma when the observation was made and no insulin 
treatment had been given prior to the observation. The sodium 
citrate ingestion failed to raise the COz2 content, but on the con- 
trary was followed by a decrease of 5.52 volumes per cent, while | 
the total base increased 6.3 milli-equivalents per liter and the pH 
remained constant. 


~3 
| 
4 


I] 


‘ 


ange of Alkali Reserve. 


‘ 


Rate of Ch 


gz | | 22-2 | | | oe69| | zee | gest | rz | | | | | 
90°0 | | S IMT | GFL) TS9 SI9T | | GE'99 | | | | | | St 
| | 86°9 | | EFT) SVL | | GEO | | F919) OF 
| 26 | | | | S691 | | HIF | 10h | | | | 9 
| | SLI | | GS | | Ste | | S6l | | 66 | FF 
£9 coo | 6! | | | 90°2 | | | 90°2 | (OF 
| “joe | sod ‘joo | | | | | od jos 
| | wot | | | | | | | | 00 | | Ht | 00 
06 “ural 99 ‘ull OF ‘urul 
; fo g 40 wnipog fo ¢ ‘saupnig 
A] 
O1'O | 89'S | | | | | | | FL | | | 88°89 | 
QT | | | | ISL | | | FEN | | F9°89 | | SFL | 
| | | SOOT S19 | | | SF'99 | | | BEL | 89°09 | 98 
| QZ | “ULL 06 | 
OF | O'FOT | BL°9L | CET | SOL | | | | 12°29 | | | F0'99| 
moy | Ht | | 06 | 09 Of 
| | Hd | Oo | Had | Ha 1830], Hd 
II] @1avy, 


554 | 

; 

j 


J. Cape and E. L. Sevringhaus 5595 


Subject 40 was a diabetic who had had insulin treatment for 
some time. His reaction to sodium citrate was similar to that of 
the controls. The CO, content was very high at the start and 
increased 7.0 volumes per cent in 30 mmutes. There was a slow 
rise in pH value, the peak occurring at the 60 minute interval; 
the total base remained constant. 

Two studies were made on medical students (Subjects 42 and 43) 
who had been on a 70 hour fast and were given 6 gm. of sodium 
citrate under conditions described above. Subject 43 showed a 
rise of 3.88 volumes per cent at the 60 minute interval, a 0.06 in- 
crease in the pH value, whereas the total base remained constant. 
Subject 42 showed a 7.77 volumes per cent of CO2 increase at 
60 minutes, the total base rising 7.5 milli-equivalents. 

We applied the larger dosage (20 gm.) to two clinical cases, one 
a diabetic (Subject 60) with moderate ketosis (COs-combining 


TABLE V 
Clinical Studies, 20 Gm. Dose of Sodium Citrate 
The results are expressed as volumes per cent of CO,. 


Subject | Obr, Ihr. 2 hrs. | 3 hrs, | 4 hrs. | 
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capacity of 29.8 per cent). The other case (Subject 62), a young 
diabetic with a marked ketosis and acidosis, was clinically not in 
immediate danger. (In neither case was insulin given until after 
the experiment.) A 20 gm. dosage of sodium citrate was given 
with the juice of a lemon and as much water as he cared for. 
Table V shows the extensive changes in CO, content (Subject 60) 
as a result of ingestion of 20 gm. of sodium citrate. In Subject 62 
the alkali reserve increased slightly each succeeding hour for 3 
hours. The alkali reserve was taken again 3 days later after the 
use of insulin was begun, showing 52.5 volumes per cent. 

These two cases are inadequate evidence for establishing gen- 
eralization, but they indicate that there are variations in response 
to the ingestion of alkali-producing salts even when a base deficit 
exists. 

The average results for the COz and pH have been summarized 
in Fig. 1. 
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Fic. 1. The average results of CO, and pH increase following ingestion 


cautions were employed as described by Stadie and Ross (2) with 
the phenol red titration. 
ashings were carried out. 
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DISCUSSION 


Palmer and Van Slyke (3) calculated that it requires 0.06 gm. 
of sodium bicarbonate per kilo of weight to raise the plasma bicar- 
bonate by 1 mm per liter or 0.026 gm. of sodium bicarbonate per 
kilo to raise the plasma CO, 1 volume per cent. For a subject of 
60 kilos it would require 1.56 gm. to raise CO, 1 volume per cent, 
or there should be a rise of 3.2 volumes with the 5 gm. dosage of 
sodium bicarbonate we have used. We found a similar increase 
after administration of 5 gm. of sodium bicarbonate. In seven 
subjects (Nos. 28, 29, 32-34, 37, and 41) with sodium citrate 
ingestion there was less than the 4 volumes per cent rise in COs. 
The speed with which injected salts of organic acids affect blood 
base is evidence for rapid »xidation of the acids. 

According to Hartman and Senn’s (4) studies on intravenous 
injections, about 90 per cent of the injected sodium lactate leaves 
the blood stream during the first quarter of an hour. The disap- 
pearance of lactate from the blood then continues at a somewhat 
slower rate after 1 hour. 

Abramson and Eggleton (5) observed a marked and sudden 
rise in the CO, content of blood after an intravenous injection of a 
sodium r-lactate. The larger the dose the higher the COs level. 
After the peak was reached, the blood COs, level approached the 
normal gradually, whereas following bicarbonate administration 
the CO, level dropped to normal more rapidly. The difference in 
rate was probably due to slow utilization of lactate. 

We observed that the maximum response occurred at times 
varying from 90 minutes to 2 hours with different individuals on 
the 20 gm. dosage. The CO, content increased on the average of 
9.3 volumes per cent; for pH, 0.05 to 11, whereas the total base 
remained more constant or within the range of normal variations, 
as reported in a previous paper (1). 

From the above results one may estimate the possibilities of 
orange juice therapy. Sherman and Gettler’s (6) analysis for 
orange juice ash shows a base excess of 5.6 ec. of a 1 N solution per 
100 ec., equivalent to 0.129 gm. of sodium. Accordingly, it would 
require 1085 ce. of orange juice to provide the amount of sodium 
used in the experiment with 6 gm. of sodium citrate. Therefore, 
little effect can be expected from orange juice therapy unless it 
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is continued over a long period of time, or several liters are ad- 
ministered. 

Results of the study by Bischoff ef a/. (7) indicate rather clearly 
that no significant change is induced in the reaction of the blood 
(pH) following ingestion of alkaline ash foods. The low doses of 
citrate (4 gm.) had no effect upon either the total COs or blood pH. 
The daily administration of 30 gm. of sodium citrate was the 
smallest amount of alkali which produced a shift in the acid-base | 


equilibrium of blood outside the normal variation of the individual. 
: From our results we conclude that the rate of base liberation 
he following ingestion of 6 gm. of citrate varies in different individuals, ' 
the peak ranging from 30 to 90 minutes. Also the amount of | 
variation in alkali reserve with 6 gm. of sodium citrate or 5 gm. of 
sodium bicarbonate ingestion apparently varies with the in- 
dividual. 
Peak of Response—The peak of response for all three values, 
pH, COs, and total base, varied in the different individuals from | 


30 to 90 minutes with the smaller doses of sodium bicarbonate and 
sodium citrate. With the larger doses the maximum response 
occurred at times varying from 90 minutes to 2 hours after 
ingestion. 

Comparable results have been found by Shock and Hastings (8) 
on the effect of sodium bicarbonate ingestion. ‘Their maximum 
increase in (BHCO;) and pH was reached within 1 to 13 hours 
following an ingestion of 20 gm. The recovery of pH to normal 
value was complete within 2 to3 hours. Their NaHCO, recovery 
curve showed a rapid elimination from the blood for nearly 1} 
hours following the peak of response, after which the elimination 
was slow and sometimes recovery was not complete until the fol- 
lowing day. 


SUMMARY 


In normal subjects the plasma CO: rose by an average of 2.2 
volumes per cent after the ingestion of 5 gm. of sodium bicarbonate 
and 3.8 per cent after the ingestion of 6 gm. of sodium citrate. 

The rate of plasma CQ, rise varied with individuals. The peak 
was usually reached in 30 to 60 minutes. These doses are the 
approximate equivalents of 1 liter of orange juice. 

After 20 gm. doses of citrate the rise of plasma COs, averaged 
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9.6 volumes per cent, about what would be expected from equiva- 
lent amounts of alkali given as bicarbonate. The peak of the rise 
usually occurred at 90 minutes. 
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ON THE ABSORPTION SPECTRUM OF CATALASE* 


By KURT G. STERN 


(From the Laboratory of Physiological Chemistry, Yale University School of 
Medicine, New Haven) 


(Received for publication, June 22, 1937) 


The qualitative study of the light absorption of catalase solu- 
tions under varying experimental conditions (1) led to the con- 
clusion that the iron contained in the hematin grouping of the 
enzyme exists in a stabilized trivalent state. Furthermore, it 
was possible to find criteria which permit a differentiation be- 
tween the somewhat similar spectra of catalase and of methemo- 
globin. In the same communication, the effect of a number of 
enzymatic inhibitors and of two substrates on the spectrum of 
catalase has been described. 

The present paper reports the quantitative determination of the 
catalase. spectrum in the visible range. Highly purified enzyme 
preparations from horse liver were analyzed by a recording photo- 
electric spectrophotometer. This procedure yields the extinction 
coefficient data as obtained at the concentration studied. The 
hemin content of the same enzyme solutions was assayed by means 
of a simple spectral colorimeter after quantitative transformation 
into pyridine hemochromogen. The correlation of the relative 
extinction values with the enzyme concentration (in terms of 
mm of iron per liter) gives the spectrum calculated on the basis 
of a concentration of hemin = 1 mm per liter. 


EXPERIMENTAL 


Enzyme Preparations—-Catalase from horse liver was prepared 
according to Zeile and Hellstrém (2), with slight modifications. 
Aluminum hydroxide gel was used as the adsorbent. Besides the 
enzyme these preparations contain traces of biliverdin and hepa- 


* This work was aided by a grant from the Elizabeth Thompson Science 
Fund, the assistance of which is gratefully acknowledged. 
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toflavin and appreciable amounts of inert proteins. ‘The concen- 
tration of the contaminating pigments is too small to interfere 
with the study of the light absorption in the visible region. The 
protein concentration, however, is too high to permit the study of 
the absorption spectrum of the enzyme in the ultraviolet region. 
The present work has therefore been limited to the visible range 
(400 to 700 mu). It should be mentioned that all preparations 
used for this work were clear. 

Activity Determinations—The activity of the suitably diluted 
enzyme solutions was determined under standard conditions; 
t.e., With 0.015 N H2O, at pH 6.9 (final phosphate buffer concen- 
tration M/75) and at 0°. Samples were withdrawn before and 
5, 10, and 15 minutes after addition of the enzyme. The experi- 
mental mixtures were stirred electrically. The remaining hy- 
drogen peroxide was determined iodometrically (cf. (3)). The 
velocity constants for a monomolecular reaction were calculated. 
Since these constants were not always identical for the entire 
course of the reaction, the value obtained for the sample with- 
drawn after 5 minutes was always used. ‘Two or more deter- 
minations were carried out for each enzyme preparation. The 
values were then multiplied by the dilution factor of the solution 
in order to obtain the activity of the stock preparation. In 
Table III, second column, the mean values for the solutions em- 
ployed are tabulated. 

The stock solutions had to be diluted up to 10,000 times for 
these activity determinations. The enzyme appears to suffer 
spontaneous inactivation on standing at room temperature at such 
high dilutions with distilled water. The dilutions were therefore 
prepared freshly for each experiment. 


Absorption Data 


Samples of a number of enzyme preparations were sealed in 
Pyrex ampules and sent to the Massachusetts Institute of Tech- 
nology, where they were analyzed in the recording photoelectric 
spectrophotometer of Hardy (4) soon after receipt. The undiluted 
solutions could be used for the green and red region of the spec- 
trum, but they had to be diluted with distilled water for the ex- 
amination in the blue-violet region. Nine complete curves were 
thus obtained, each covering the range of absorption between 400 
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and 700 my for a different sample. Some of the results are re- 
produced in lig. 1. For most of the measurements the “‘density”’ 
cam of the photometer was used, whereby a plot of wave-length 
against optical density as the ordinate is obtained. In one case 
the “transmission” cam of the apparatus was used, which fur- 
nishes plots of wave-length against per cent transmission as the 
ordinate. The width of the beam of monochromatic lhght was 
10 mu throughout. ‘This rather broad wave band is made neces- 


TABLE I 


Ratio of Densities of Various Enzyme Solutions at Maxima of y and of @ 
Absorption Bands 


| Ratio of densities 


Preparation No. Density st mp | Density | 
D622 mp 

XXXV | 6.56 | 0.51 12.8 
XXXVII 4.65 0.38 | 12.2 
XXXVIII 2.52 0.21 | 12.0 
XL 3.12 | 0.24 13.0 
XLI 7.65 0.62 | 12.3 
XLII 3.48 0.24 14.5 
XLIti 4.72 0.39 | 12.1 
XLIV 2.80 0.195 14.3 
XLV 5.74 0.385 | 14.9 

Cataphoresis experiment | 

Fraction | | 1.13 | 0.11 | 10.3 
il 1.48 0.13 11.4 

Hs [i] | 1.49 | 0.13 11.5 


The densities Dyoo my for Preparations XXXV to XLV were obtained 
from the relative absorption curves after correction for dilution. 


sary by the illumination intensity requirements of the photometer. 
The use of such a broad spectral interval renders the determinations 
less accurate than can be attained by apparatus in which absorp- 
tion measurements can be made with spectral intervals of 2 to 
3 mu. Inasmuch as the layer of thickness in these measurements 
was always 10 mm., the recorded densities of the enzyme solutions 
vary with their concentration. Such curves permit the deter- 
mination of the position of the absorption maxima of the enzyme. 
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The maxima are situated at 622, 540, 505, and 409 mu. The 
approximate position of the first three maxima has previously 
been determined by direct spectroscopic observation (2). In 
blood and liver catalase solutions bands at 406 and 266 my have 
been described (5). 

Correlation of Absorption Maxima of Enzyme Solutions—lf 
the absorption maximum at 409 muy is due to the same compound 
which is responsible for the maximum at 622 my, it is to be expected 
that the ratio of the densities of the maxima of these bands is 
similar for different enzyme preparations and also after fractiona- 
tion operations on a given enzyme solution. Fractionation was 
attempted by treatment with acetone and by subjecting an ace- 
tone concentrate to cataphoresis in an apparatus of Michaelis, 
as modified by Bennhold (6). The cataphoresis was carried out at 
pH 6.78, where the enzyme molecule has a negative charge (7). 
The specific conductivity was 0.0091; the potential gradient was 
0.95 volt per em. The pigment was permitted to migrate in 
this field for 26 hours at 24° + 1°. Three fractions were obtained 
by pipetting off three layers of the enzyme solution contained in 
the anodic side chamber of the apparatus. The relative ab- 
sorption spectrum of each fraction was obtained by the recording 
spectrophotometer. ‘Table I contains the values for the densities 
of these three fractions, and also for a number of different cata- 
lase preparations at 409 my and 622 mu, and the ratio of these 
values. The satisfactory agreement of these ratios suggests that the 
same compound ts responsible for both absorption maxima. 


Calculated Spectrum at Standard Concentrations of Hemin 


For the calculation of the absorption spectrum a knowledge of 
the concentration of the enzyme in the optically analyzed solu- 
tions is a requisite. The determination of the enzymatic activity 
of the preparations, of their protein content, or of their total iron 
content as a measure of the enzyme concentration is subject to 
criticisms. The assay of the hemin content of the catalase prep- 
arations should yield correct values for the enzyme concentration 
in view of the evidence presented for the constitution of the pros- 
thetic group of catalase as protohematin (8). The preparations 
are free from other hemin-containing pigments besides the en- 
zyme, especially from hemoglobin or methemoglobin. 
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Hemin Determinations—The hemin group is detached from the 
protein carrier of the enzyme by treatment with alkali. It is 
converted into pyridine hemochromogen and measured against 
standards prepared from crystalline blood hemin. The same prin- 
ciple has been used by Zeile and Hellstrém (2) for the correlation 
of the activity with the hemin content of catalase preparations. 
The latter authors used a spectrographic method for the estima- 
tion of the pyridine hemochromogen. Ieilin and Hartree (9) 
determined the pyridine hemochromogen derived from catalase 
hematin by means of a Zeiss microspectroscope, equipped with a 
comparator mechanism. In the present work, a Bock-Benedict 
colorimeter in conjunction with a Zeiss pocket spectroscope was 
employed... The colorimeter has one variable and one fixed ab- 
sorption cell. Only the light penetrating the variable cell was 
permitted to enter the spectroscope which was brought in contact 
with the eye-piece of the colorimeter. The mirror of the instru- 
ment was illuminated with a 100 watt lamp. A 1 em. absorption 
cell was placed before the comparison prism of the spectroscope. 
Here a miniature flash-light bulb, the distance of which from the 
cell could be varied, served as the light source. The slit of the 
spectroscope and the distance of the auxiliary light source were 
adjusted to yield two equally intense spectra projected above each 
other. The sample to be analyzed was placed in the variable 
cell; the hemochromogen standard was contained in the fixed cell. 
The stratum of fluid in the variable cell was varied by means of 
the movable plunger until the absorption bands of the hemo- 
chromogen appeared of equal intensity in both spectra. The 
depth of fluid in the variable cell was then read off the scale. 
The bands are so well defined and their width and intensity are so 
strictly dependent upon the concentration of the hemochromogen 
that the measurements may be made with a high degree of accu- 
racy, as far as the actual process of comparison is concerned. 
Unspecific background absorption does not interfere with the 
measurements, nor does a slight difference in brightness of the 
two spectra. 

A typical example of an analysis is the following. 

Hemochromogen Standard——11.0 mg. of crystalline horse hemin 
were dissolved in 0.1 N NaOH to make a volume of 10 ce. This 
served as the stock solution. A mixture was prepared containing 
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0.5 ec. of the hematin stock solution, 7.1 cc. of 0.1 N NaOH, 
2.5 ec. of redistilled pyridine, and water to make a volume of 25 
ec. The 1 em. absorption cell was filled with this mixture, and 
immediately before the measurement a few mg. of sodium hydro- 
sulfite were added. After mixing, the cell was covered with a 
glass plate. 

Hemochromogen from Catalase Hematin—2.0 cc. of catalase 
Preparation 45 (activity, & = 5734) were placed in the variable 
cell of the spectral colorimeter. 1 cc. of 0.1 N NaOH, 0.5 ce. of 
pyridine, and a few mg. of solid sodium hydrosulfite were added. 
Equal intensity of the absorption bands of the unknown and of 
the standard was observed at a stratum of 12 mm. of fluid in 
the variable cell (mean of several readings). A duplicate analysis 
had the same result. 

Calculation of Hematin and Iron Content of Catalase—-If ¢ is the 
concentration of hematin in the enzyme preparation, c,; the hema- 
tin content of the standard, A the stratum of the hemochromogen 
solution prepared from the enzyme preparation, and h, the layer 
of the standard (= 10 mm.), and if it is assumed that Beer’s 
law holds in the present case, the equation for the calculation of 
the hematin concentration in the enzyme solution is 

Ci X hy 


= 1.75 
h x 


where the factor 1.75 is the dilution factor of the enzyme solution 
in the mixture analyzed. In the present example where c; = 22 
(mg. of hemin per liter), A; = 10 mm., h = 15 mm., c becomes 25.7 
(mg. of hemin per liter). If the iron content of hemin is taken as 
8.6 per cent, this corresponds to a content of porphyrin-bound 
iron (Fep) of the catalase preparation of 2.21 mg. or 4.10~-? mm 
per liter. 

In order to obtain correct results, it is necessary to reduce the 
pyridine ferrihemochromogen to the ferrohemochromogen with 
hydrosulfite immediately before the measurement and to see that 
an excess of the reductant is present, since otherwise fading will 
occur. It might be mentioned as an outcome of actual experience 
that ordinary colorimetry or photoelectric colorimetry when 
applied to the present case will lead to erroneous results, owing 
to varying degrees of unspecific background absorption in the 
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hemochromogen preparations. The use of color filters transmit- 
ting light of 500 to 600 my could not prevent these errors. 

Extinction Coefficients of Catalase Solutions—The optical den- 
sity of the catalase preparations, as directly measured by the 
recording spectrophotometer (see the section on absorption data), 
is correlated to the pigment concentration, c, expressed in mM 
of porphyrin-bound iron per liter, by means of the equation 


e(c = 1 mM per liter) = 
where D represents the observed optical density, d the depth of the 
cell, and c the concentration in mM per liter, as proposed by Drab- 
kin and Austin (10). The observed optical density, D, equals 
the log Jo/ 7, where J) represents the intensity of the incident light 
and J the intensity of the transmitted light. Inasmuch as the 
concentration of porphyrin-bound iron is found by analysis 
(see the preceding section), this equation does not imply any 
assumptions as to the molecular weight of the pigment or to the 
number of hemin groupings per molecule. 

In this manner, the extinction coefficients for various catalase 
preparations have been calculated for the wave-lengths 622 mu 
and 409 mu, which represent the position of the two defined max- 
ima of the solutions. 

An inspection of Fig. 1 shows that, in addition to the above 
maxima, there are present two less defined elevations in the ab- 
sorption curves, corresponding to the two 8 bands of Warburg’s 
respiratory ferment (11). Owing to their lack of definition, their 
extinction coefficients have not been calculated here. Table II 
shows that the extinction at the peak of the Soret band (at 409 
mu) is roughly 13 to 14 times higher than that at the peak of the 
long wave absorption band (at 622 my). Such a ratio is not un- 
common for pigments containing hemin nuclei combined with 
proteins. 

Relationship of Enzymatic Activity, Hematin Content, and Op- 
tical Density of Catalase Preparations—If the pigment present in 
the catalase preparations is identical with the enzyme, the hema- 
tin content and the optical density of these solutions should be 
proportional to their enzymatic activity. The evidence offered 
by Zeile and Hellstrém (2) for the hemin nature of catalase is 
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based on the demonstration that the content in porphyrin-bound 
iron of a given individual enzyme solution runs parallel to its 
enzymatic activity in the course of various fractionation proce- 
dures. On the other hand, Zeile himself has reported varying 
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Fic. 1. Absorption curves of three catalase solutions as traced by the 
recording photoelectric spectrophotometer of Hardy. Curve 1, enzyme 
Preparation XXXV, undiluted; Curve 1, a, same diluted 4 times; Curve 2, 
enzyme Preparation XX XVII, undiluted; Curve 2, a, same diluted 3 times; 
Curve 3, enzyme Preparation XXXVIII, undiluted; Curve 3, a, same 
diluted 2 times. Definition for optical density as employed in the ordinate, 
D = log Io/1, where /)is the intensity of the incident light and / the intensity 
of the transmitted light. 


values for the activity to hematin (£/Fep) ratio for different prep- 
arations from the same source and from different sources. For 
two different horse liver preparations the */Fep ratio was 2500 
and 3400; for a preparation from cucumber seedlings the ratio 
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was 8000 (12). Recently, this question has been reinvestigated 
by Keilin and Hartree (9). With respect to the result of frac- 
tionation procedures, they could fully confirm the conclusions 
drawn by Zeile and Hellstrém. The comparison of different 
enzyme preparations led to differences in the k/Fep ratio compa- 
rable to those found by Zeile. 


TABLE II 


Extinction Coefficients of Catalase Preparations at Maxima of Absorption 
Bands at 622 mp and 409 mu 


Catalase | Porphyrin-bound | €699 € 
Preparation No. iron (ec = 1 mM perliter) (c = 1 mm per liter) 


x mM per |. 


XXXVII 3.5 10.9 133 
XLI 5.3 11.5 144 
XLII 2.3 10.5 151 
3.9 10.0 121 
XLI\ 1.4 13.9 200 
XL\ 4.8 8.0 120 


The content in porphyrin-bound iron of enzyme Preparation XXXAVII 
was determined 9 months after the absorption spectrum had been measured. 
The good agreement of the extinction coefficients of this preparation, as 
referred to the iron content (this table) and to the catalytic activity (see 
Table III), with the average obtained from all measurements is evidence 
of the stability of the preparations. In the case of the other solutions, 
mentioned in this table and in Table III, the analytical and the optical! 
measurements were carried out within an interval of 3months. Determina- 
tions of the catalytic activity showed no significant change in the enzyme 
content within even greater periods. 


The data obtained in the present work permit a further scru- 
tiny of this important question. They are presented, together 
with the k/Fep ratios, in Table III. They yield an average value 
of 2289, which is close to that obtained by Zeile and Hellstrém 
for their first preparation (2). In Table III there are included 
the ratios of the activity of the solutions to their optical density, 
D, at the two absorption maxima, at 622 my and 409 mu. The 
agreement among these ratios is not so satisfactory as in the case 
of the k/Fep ratios, but this may partly be due to changes in pig- 
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ment content of the solutions during the transport to the Mas- 
sachusetts Institute of Technology where they were optically 
examined. 

If there was any doubt left as to the identity of pigment and 
enzyme in catalase preparations, this doubt has been removed by 
the changes observed in the pigment spectrum in the course of the 
enzymatic decomposition of ethyl hydrogen peroxide (13). It 
has been shown that the pigment participates quantitatively, 
at least as far as the absorption band at 622 my is concerned, in 
the formation of a labile enzyme-substrate complex. 


TABLE III 


Ratio of Enzymatic Activity to Content in Porphyrin-Bound Tron and to 
Optical Density at 622 mp and 409 mp for Various Catalase Preparations 


No. bound iron Fe, D622 na | D409 my 
XXXV 5300 10,392 808 
1.97 2512 13,021 | 1064 
XXXVIII 3675 17 ,500 1460 
XL 3093 12,888 991 
XLI 6466 3.0 | 2155 | 10,429 | 845 
XLII | 9845 11,854 ~— 817 
XLIII 5390 13,800 | 114 
XLV | 5734 2.67 | 2148 | 14,893 | 999 
DISCUSSION 


Two enzymes have been definitely shown to contain hematins 
as their prosthetic groups: the oxygen-transferring (“‘respiratory’’) 
enzyme (11) and catalase (2). Warburg has determined the ab- 
sorption spectrum of the respiratory enzyme by an ingenious in- 
direct method (11). The present paper reports the absorption 
spectrum of catalase in the visible range as obtained by a direct 
method. A quantitative comparison between the spectra of the 
two biocatalysts is as yet not possible, because there is available 
only the spectrum of the carbon monoxide complex of the ferrous 
form of the respiratory enzyme and that of the ferric form of 
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catalase. Recently, Warburg and his colleagues (14) have de- 
scribed the position of the long wave absorption bands of the 
respiratory enzyme in certain microorganisms by direct spectro- 
scopic observation.' The @ bands of the ferric form are given 
as 639 mu for Acetobacter and as 647 mu for Azotobacter. Uf this 
is accepted, the a bands of the ferric forms of both catalase and 
the respiratory enzyme are situated in the red region of the spee- 
trum, though their exact position differs. No extinction values 
are available fer the absorption spectrum of the ferric form of 
the respiratory enzyme. The extinction of the two enzymes 
may be somewhat different, inasmuch as the prosthetic group 
of the respiratory enzyme is a pheohemin (green-red hemin), 
whereas that of catalase is protohematin IX (8). 

Catalase and methemoglobin have an identical prosthetic 
group but different protein carriers. Catalase has been trans- 
formed into methemoglobin by the exchange of carriers (8). The 
a bands of catalase and of methemoglobin are similar in position 
(622 mu and 630 mu respectively). Their extinction at the peaks 
of these bands is e (c = 1 mM per liter) = 10.8 for catalase and 
4.7 for methemoglobin (16). 


SUMMARY 


1. The light absorption of purified liver catalase solutions has 
been determined by a recording photoelectric spectrophotometer 
in the range from 400 to 700 mu. In addition to the known ab- 
sorption bands in the visible region, the records show a maximum 
of high extinction in the far violet at 409 mu. The presence of 
this band, which corresponds to the Soret band of hemoglobin- 
like pigments, is additional proof for the hemin nature of catalase. 

2. The absorption spectrum of catalase is obtained by correlat- 
ing the optical density values, as directly measured, to the con- 
tent of the enzyme preparations in porphyrin-bound iron, as 
found by a spectral colorimetric procedure involving the formation 
of pyridine hemochromogen. The extinction of catalase was 
found to be 10.8 at 622 mu and 145 at 409 mu, if referred to 1 mm 
of porphyrin-bound iron per liter (e (¢ = 1 mm per liter)). This 
represents the average of the data obtained for six different horse 
liver catalase solutions. 


' See, however, the criticisms of Keilin (15). 
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3. A satisfactory agreement is found for the &£/Fep ratios (cata- 
lytic activity to content in porphyrin-bound iron in mg. per liter) 
existing in these six catalase preparations. The average value 
for the ratio was found to be 2289 + 200. The agreement between 
the ratios of catalytic activity and the optical density at the 
maxima of the two well defined absorption bands was less satis- 
factory. 
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A SPECTROSCOPIC METHOD FOR THE KINETIC 
STUDY OF RAPID CHEMICAL REACTIONS* 


By KURT G. STERN anno DELAFIELD DvuBOIS 


(From the Laboratories of Physiological Chemistry and Physiology, 
Yale University School of Medicine, New Haven) 


PLATES 3 AND 4 


(Received for publication, July 29, 1937) 


The observation of spectroscopically defined enzyme-substrate 
and enzyme-inhibitor compounds, made in the course of recent 
studies on catalase (1-3), and on peroxidase (4), offers a promising 
approach to the detailed analysis of the mechanism of enzyme 
action. Optical methods are being developed with a view to 
securing quantitative information on the kinetics of the primary 
step of these enzyme reactions, consisting in the formation of un- 
stable, intermediate enzyme-substrate complexes. In these ex- 
periments ferrihemoglobin (methemoglobin) may often be used 
as a non-enzymatic model. 

A photoelectric recording method for the study of such reactions 
and some preliminary results have been reported (5). The records 
obtained by that method are subject to the same interpretation as 
is a shadow with respect to the shape of the object projecting it. 
In the present communication a simple spectrographic arrange- 
ment is described which permits the recording of fast reactions 
without the intervention of any photoelectric or electric instru- 
ments. The main value of the method lies in the direct deter- 
mination of the order of magnitude of the reaction rates concerned. 
It has, so far, been applied to the reactions of catalase and ferri- 
hemoglobin with hydrogen peroxide, monoethyl hydrogen perox- 
ide, hydrocyanic acid, and hydrofluoric acid. 


Principle 


An absorption cell containing one reactant is interposed between 
the light source and the slit of a spectrograph. The plate holder 


* This work was aided by a grant from the Elizabeth Thompson Science 
Fund, the assistance of which is gratefully acknowledged. 
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is removed, and close contact is established with a falling plate 
camera. After the plate has been released, the second reactant 
is injected rapidly into the absorption cell. ‘The time is indicated 
either by a rotating time marker or by a neon flash arrangement. 
The photographic plate will show a continuous series of spectra. 
Any change in light absorption due to the reaction between the 
two components is recorded on the falling plate and may be cor- 
related to time. The rate of the fall of the plate may be adjusted 
to sult the rate of the reaction under study. The plates may be 
further analyzed with the aid of a recording microphotometer. 


EXPERIMENTAL 
Description of Apparatus 


The arrangement of the elements is shown In a schematic manner 
in Text-fig. 1. The light source, A, is a Mazda automobile head- 
light lamp (6 to 8 volts, 4.5 amperes) which is fed from an 8 volt 
storage battery. The cylinder lens, B, focuses the light on the 
entrance slit of the spectrograph, #. The absorption cell, C, is 
5mm. deep. It may be kept at constant temperature by a water 
bath with glass windows (not shown in Text-fig. 1). All of the ex- 
periments reported in the present paper were carried out at room 
temperature (26-28°). C hasa capacity of 2.6 cc. It is filled with 
2.2 ce. of a solution containing one reactant, im most cases the 
catalyst or the enzyme. ‘The other reactant, e.g. the substrate, is 
contained in the injector, D, which has previously been described 
(5). In order to avoid gas bubbles in the syringe it is necessary to 
fill the injector with the needle pointing upwards. A fine rubber 
tube is drawn over the tip and connected with the storage vessel. 
By repeatedly loading and unloading the injector the last air 
bubbles may easily be removed. In contrast to the injector de- 
scribed in the previous paper (5) the present one contains no metal 
parts which come in contact with the solution in the syringe.  In- 
stead of the metal lock and the metal cannula the syringe is pro- 
vided with a glass tip which is attached with pressure tubing. By 
visual tests it was found that for smooth and rapid mixing the 
glass tip of the injector must not be immersed into C more than 
about lem. JD is held rigidly in place by a substantial structure 
provided with fine screw adjustments. The spikes of the rotating 
time marker, F, which is controlled by an electric tuning-fork, 
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sweep across the spectrograph slit every 0.04 second. The spec- 
trograph used is an Adam Hilger wave-length spectrometer, 
F, the telescope tube of which has been replaced by a stand- 
ard camera attachment, H. The plate holder has been removed. 
Light-tight connection has been established with the entrance 
slit of the falling plate camera, J (Cambridge Instrument Com- 
pany). The cylinder lens of the camera projects the spectrum on 
the plate in the shape of a horizontal line of about 0.5 mm. in 


—<<<< 45 


Text-Fiaq. 1. Spectral kinetic arrangement 


height, depending on the width of the camera slit. Wratten hyper- 
sensitive panchromatic plates (Eastman) were used throughout. 
The rate of the fall of the plate may be varied within wide limits 
by means of the calibrated valve of the oil brake of the camera. 
Speeds between 0.3 and 29 em. per second were used. For the 
lower speed range the time marker must be replaced by a slower 
indicator. For this purpose the side observation tube of the cam- 
era attachment of the spectrograph was unscrewed and a small 
neon lamp (0.5 watt) was introduced into the attachment. <A 
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circuit, G, consisting of radio anode batteries, fixed resistors, and 
variable air condensers causes the lamp to flash at any desired 
interval. Neon lamps have the additional advantage that pan- 
chromatic plates are highly sensitive to the light which they emit. 
This makes the recording of very short flashes possible. The 
calibration of the rate of flashing was carried out either by record- 
ing neon flashes and the lines caused by the rotating time marker 
on the same plate or by means of a stop-watch. For a rate of 
one flash per second a condenser of 1.7 microfarads, a 1 megohm 
resistor, and a potential of 202 volts were required. 

When the falling plate passes the camera slit, the spectral images 
merge in such a manner that a continuous strip from top to bottom 
of the plate results. In Fig. 1 the positive of a plate is shown 
which was obtained with water in the absorption cell. It will be 
seen that the red end of the spectrum is recorded with the greatest 
intensity. Both time-marking devices were used here. The rate 
of plate fall was 26 em. per second; the whole plate was therefore 
exposed within 0.68 seconds. The exposed strip visible on the 
plate corresponds to a total of about 350 individual spectra. The 
time of exposure of each spectrum was therefore less than 0.002 
second. The lack of homogeneity of the image with respect to 
wave-length is due to the shape of the spectral sensibility curve of 
the plates used. It will be noted that the plate gained somewhat 
in speed during the fall, indicating that the oil brake of the camera 
is not working perfectly at such high speeds. This does not inter- 
fere with the determination of reaction times, since the spacing 
of the time marks changes correspondingly. 


Determination of Mixing Time 


It is obvious that the time course of changes in light absorption 
of the systems under study can only be followed quantitatively 
if the following conditions are satisfied. (a) The time at which 
the second reactant is introduced from the injector must be in- 
dicated on the record. (6b) Mixing must be complete within a 
time interval as short and as reproducible as possible. (c) The 
reaction under study must be slower than the period required for 
complete mixing. 

Condition (a) is met by the fact that the injection of fluid into 
the absorption cell will invariably leave more or less distinct hori- 
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zontal marks on the photographic plate, owing probably to slight 
turbulence occurring even under the most favorable conditions. 
With regard to condition (6), previous photoelectric experiments 
(5) indicated a mixing time of the order of 0.04 second. The in- 
spection of plates obtained with the present direct method shows 


C f 
i i i i i i 

0 20 0 O 20 40 

Text-Fig. 2. Tracings obtained with the recording photoelectric micro- 
photometer from the plates of which the positives are reproduced in Fig. 2, 
a and b, and from two plates (not reproduced) of the type shown in Fig. 2, b. 
Absciss®, milliseconds; ordinates, relative transmission of plates. A, 
methylene blue control; B to D, ferrihemoglobin-ethyl hydrogen peroxide, 
Experiments 18, 19, and 20. 


that mixing is, in fact, faster than 0.04 second. It is possible 
that the inertia introduced by the string galvanometer was respon- 
sible for the result obtained with the photoelectric method. When 
a methylene blue solution is injected into water, the photographic 
plate shows a rapid change-over to the extinction of the dye solu- 
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tion. The exact transition time cannot always be accurately 
determined because of mechanical disturbances and turbulence 
following the injection. The disturbances are usually over after 
0.04 second. The record a in Fig. 2is a typical picture of a methyl- 
ene blue experiment. After the injection of the dye in the water 
not only the absorption band in the red appears but the whole 
transmission of the system is considerably diminished in the spece- 
tral range of plate sensibility. The comparison of the distance 
between two time marks, enclosing an interval of 0.04 second, with 
the region of transition gives an idea of the rapidity of the change. 
For further analysis the plate was subjected to densimetric analysis 
by the recording photoelectric microphotometer of Koch-Goos 


TABLE | 
Methylene Blue Experiments for Determination of Mixing Time 


0.35 ce. of 0.2 mm methylene blue solution was injected into 2.2 cc. of 
water. 


Rate of fall Type of analysis 


Experiment ( Mixingcom- | Mixing half 
No. plete after complete after of plate of plate 
sec. sec. cm. per sec. 
4 25 Visual 
5 —~0 O15 25 Photoelectric 
s <0.025 20 Visual 
—0 .008 12.5 
16 <0 .027 27.5 
7 


17 0.013 0.0057 28. Photoelectric 


(KXriiss). The authors are indebted to Professor W. W. Watson 
of the Department of Physics of this University for his permission 
to use the apparatus. Record A of Text-fig. 2 is a tracing obtained 
with the photometer of the region between the two time marks in 
between which the injection took place. According to this record 
mixing was complete in 0.013 second and half complete in 0.0057 
second. The results of the methylene blue experiments are shown 
in Table LI. 

In some plates of experiments with catalyst-substrate and cat- 
alyst-inhibitor compounds the transition line was even sharper 
than in the case of the methylene blue controls. Such transition 
lines can be considered as instances of exceptional mixing; the 
underlying reaction must, then, be still more rapid than the mixing 
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period. Record 6 in Fig. 2 (injection of ethyl hydrogen per- 
oxide into methemoglobin) is a good illustration of this point. 
The tracing obtained with the photometer from this plate is 
shown in record B of Text-fig. 2. The change was complete within 
0.0065 second and half complete within 0.00186 second. This is 
the shortest mixing-time which we have encountered in our ex- 
periments. 

Condition (c) can be satisfied in the case of the reactions studied 
presently by a suitable adjustment of the concentration of the 
injected reactant. It will be shown below that by successive 
dilutions the reaction rate may be decreased from velocities too 
fast to be measured to velocities almost too small to be measurable. 
With respect to the colored reactant contained in the absorption 
cells the choice of concentrations is limited by the optical require- 
ments of the system and by the specific extinction of this compon- 
ent. If the slit width of the spectrograph and the intensity of 
the light source are kept constant, the photographic plate, at a 
given rate of fall, will show distinct absorption bands only in a 
narrow range of concentrations. However, a suitable adjustment 
of these two variables will give the investigator some latituce in 
the choice of concentration of both reactants. 


Rate of Dissociation of Oryhemoglobin 


This reaction was chosen for comparing the present method 
with the flow method of Hartridge and Roughton because Milli- 
kan (6) has recently reinvestigated the desoxygenation process by 
the flow method. Other reactions measured by the Cambridge 
workers, e.g. the rate of oxygenation of blood pigments, cannot 
conveniently be studied by the present method. On the other 
hand, reactions involving ferrihemoglobin or catalase have not, as 
yet, been measured by the flow method. 

The arrangement was similar to that employed by Hartridge 
and Roughton (7) and by Millikan (6). The oxygen liberated in 
the course of the spontaneous breakdown of oxyhemoglobin is 
removed as fast as it is formed by means of an excess of sodium 
hydrosulfite. This reduces the speed of the back reaction to zero. 
Millikan has shown that the reducing agent does act in this capac- 
ity and not as a true reducer, as in the reaction with methylene 
blue. The proof rests on the fact that after a certain minimum 
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concentration of the reducing agent is reached, a further increase 
does not affect the velocity of the reaction, whereas in the case of 
methylene blue the rate of reduction is strictly proportional to the 
concentration of the reducer. 

The oxyhemoglobin preparation was a dilution of whole human 
blood, buffered by borate-NaOQH to pH 8.6 (final buffer strength 
0.05 m). The sodium hydrosulfite solutions contained likewise 
0.05 m borate buffer of the same pH. ‘The positive of a typical 
plate obtained in these experiments is shown in Fig. 3. There was 
a turbulence lasting 0.04 second. The reaction was practically 
complete after 0.08 to 0.12 second. 

A summary of the results is given in Table II. 


TABLE II 
Rate of Dissociation of Oxyhemoglobin (Man) 
pH 8.6; 28.5°; rate of fall of plate 14.6 cm. per second; visual analysis of 
plates. 


iM séc. 
50 0.126 60 1:76 A008 
ol 0.126 60 1:76 —0.12 
| 1:152 —0.08 


52 120 


Millikan ((6) Table III) finds that under his experimental con- 
ditions the dissociation of human oxyhemoglobin is half complete 
in 0.038 second. If the monomolecular character of the reaction 
is taken into account and the same induction period assumed as 
was found for sheep hemoglobin (0.0074 second), graphical extrap- 
olation yields a value of approximately 0.14 second for the com- 
pletion of the process. In comparing this value with those found 
in our experiments it must be kept in mind that the temperature 
in Millikan’s experiment was 22°, while it was 28.5° in our experi- 
ment; his blood dilution was 200-fold, while our blood dilution was 
66-fold. The higher concentration was made necessary by our 
type of registration. The ratio between oxyhemoglobin and hy- 
drosulfite in Millikan’s experiment was 1:262, assuming that he 
used a 0.2 per cent hydrosulfite solution (cf. (6) p. 160). In the 
present experiments the ratio varied from 1:76 to 1:304. If allow- 
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ance is made for these differences in the experimental conditions, 
the agreement between Millikan’s and the present results appears 
fair. It may be stated then that, at least in this instance, the 
flow method and the spectral kinetic method give a result of the 
same order of magnitude. It would have been more satisfactory 
to compare the values for the half complete reaction (ts.). None 
of the photographic records obtained in these experiments, how- 
ever, lends itself to analysis by the microphotometer. There was 
invariably an initial disturbance of about 0.04 second, which masks 
the ts point. 


Experiments with Ferrihemoglobin 


Ferrihemoglobin will combine preferably with substances of 
low molecular weight and of weakly acid character, whereas 
ferrohemoglobin combines with small, neutral molecules (8). In 
the course of this work the rate of combination of ferrihemoglobin 
with hydrocyanic acid, hydrofluorie acid, hydrogen peroxide, 
and monoethyl hydrogen peroxide has been measured. 

The ferrihemoglobin was obtained by oxidation of ox and rabbit 
oxyhemoglobin’ with ferricyanide. The excess ferricyanide was 
removed by dialysis at low temperature. The concentration of 
porphyrin-bound iron was determined after conversion into pyri- 
dine hemochromogen by means of a spectral colorimeter and of 
hemochromogen standards prepared from crystalline proto- 
chloroferriheme (hemin). The procedure was similar to that de- 
scribed by Keilin and Hartree (3). For the experiments the ferri- 
hemoglobin stock solutions were diluted with water and m acetate 
buffer of pH 5.3 (final buffer strength 0.1 mM). The other reac- 
tants were likewise contained in 0.1 M acetate buffer. In calcula- 
ting the ratios of the reactants it was assumed that each hemin 
group of the pigment molecule reacts independently of the others. 
Consequently the Hiifner unit of 17,000 instead of the Svedberg 
value of 68,000 was taken as the basis of the calculations. This 
is in keeping with the general practise in this field. 

The positives of some of the plates obtained in these experiments 
are shown in Fig. 2, b to f, and in Fig. 4, a and 6. The results are 
compiled in Table III. Three of the experiments with ethyl 
hydrogen peroxide yielded plates suitable for analysis in the re- 
cording microphotometer. The tracings are shown in Text- 
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fig. 2, B,C, and D. The transition times obtained here represent 
the upper time limit of the reaction, since they fall in the range 
of the mixing time. Table III shows that by decreasing the ferri- 
hemoglobin to reactant ratio the rate of the reaction is invariably 
increased, as would be expected from a bimolecular process. The 


TABLE III 


Rate of Combination of Ferrihemoglobin with Hydrogen Peroxide, Ethyl 
Hydrogen Peroxide, Hydrocyanic Acid, and Hydrofluoric 
Acid at pH 5.3, 26-27° 


| “is 3 | 
| | Time of combination | | 
= | | | | Type of analysi 
| 28 A:B | 
| ES ap fwopercent | fgapercent  & | 
|o | | 
| 
| mM mM | | sec. | | per | 
| | sec, 
31) | 0.5 500 | 1:160 (0.0027)* (15 | Visual 
32 | 50 | 1:16 {40.014 | 
33 0.5 | 50 | 1:16 <0.033 | 0.3 
34 0.5]; 5 | 1:1.6\40.830 | 
35 0.5] 5 | 1:1.6/>0.480 | 15 
18 C,H,OOH | 0.5 500 | 1:160 0.0065 | 0.00186) 17.5) Photoelectric 
19 0.5 500 1:160) 0.0076 | 0.0033 | 17.5 
20 0.65/25 | 1:8 | 0.015 | 0.0055 | 17.5 
24 " 0.66 50 | 1:12 |\~0.007 12.2) Visual 
27; HCN 0.5 | 1:80 <0.120 
28 (0.5 (250 | 1:80 —0.160 > 
29 “10.5 [250 | 1:80 }-0.200 | aa 
30 0.5 1250 | 1:80 40.100 12.5} 
21; “ | 0.66) 7.5] 1:1.7|>0.776 
22 | (0.66, 7.5, 1:1.7 >4.0 | 8.5, “ 
25 | 0.5 7.5) 1:2.3 >0.600 * 
HF 0.5 | 1:80 $0.033 _ 


* Beginning of over-all reaction. 


disappearance of the ferrihemoglobin spectrum after addition of a 
large excess of hydrogen peroxide (Fig. 2, c) is due to the almost 
instantaneous liberation of oxygen by the catalytic breakdown of 
the substrate. Since the over-all reaction proceeds vigorously 
within 0.0027 second, the combination between the pigment and 
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the peroxide must require a still smaller interval. By lowering 
the substrate concentration 10 times, a plate indicating a rate of 
combination of less than 0.014 second was obtained (Fig. 2, d). 
No appreciable gas evolution took place during the fall of the 
plate. A further 10-fold decrease of the peroxide concentration, 
finally, slowed down the rate of combination to such an extent 
that it was not yet complete when the end of the photographic 
plate reached the camera slit. It is possible that at this ratio of 
the two reactants the back reaction becomes appreciable. 

The values given in Table III are to be considered merely as 
representative of the order of magnitude of the reaction rates. 
They have been helpful in comparing the rate relationships of 
the individual steps of catalytic reactions and in interpreting re- 
sults obtained by less direct methods; e.g., by photoelectric meas- 
urements. 


Experiments with Catalase 


Catalase has the same prosthetic group as has ferrihemoglobin; 
namely, protohematin IX (9). The enzyme will combine with 
almost all of the substances with which ferrihemoglobin combines. 
There are, however, significant differences in the position of the 
absorption bands of the corresponding complexes (1, 3, 10). 
Furthermore, catalase will form a spectroscopically visible com- 
pound with hydrogen peroxide only in the presence of inhibitors; 
e.g., of sodium azide (3). This behavior has been explained in 
terms of the stability of the intermediates formed between the 
substrate and the two catalysts (2). 

The enzyme preparations were obtained from horse liver essen- 
tially according to Zeile and Hellstr6m (1). The purified solu- 
tions were further concentrated by the acetone procedure pre- 
viously described (9). The content of the catalase solutions 
in porphyrin-bound iron was determined by means of the con- 
version into pyridine hemochromogen, as indicated in the section 
dealing with ferrihemoglobin. It has been found that there 
exists a satisfactory proportionality between the hematin concen- 
tration and the catalytic activity of purified catalase preparations 
(11). 

The combination of catalase with monoethyl hydrogen per- 
oxide and with hydrocyanic acid at pH 6.9 has been recorded. 
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In addition a few experiments were carried out with sodium flu- 
oride and with hydrogen peroxide. Some positives of plates ob- 
tained in these experiments are reproduced in Fig. 4, c, d, and e. 
The results are given in Table IV. An inspection of Tables HI 
and IV shows that ferrihemoglobin combines faster with ethyl] 
hydrogen peroxide than does the enzyme. For instance, while at 
a ferrihemoglobin to peroxide ratio of 1:7 the reaction rate falls 
in the range of the mixing time, the combination between catalase 
and the substrate at a ratio of 1:312 is complete after about 0.12 


TABLE IV 


Rate of Combination of Catalase with Hydrogen Perozide, Ethyl Hydrogen 
Peroxide, Hydrocyanic Acid, and Hydrofluoric 
Acid at pH 6.9, 26-28° 


Time of 


Experi- | Reactant Molecular combination Rate 
ment No. | Reactant | ratio, A:B (visual 
mM per sec. 
45 H,0, 0.3 35 | 1:18 (0.01)*| 12.5 
48 C:H,OOH 0.118 | 3350 1:4340  <0.12t 10 
47 0.23 3350 1:2300 <0.12¢ | 12.5 
46 350 1:1780 <0.12¢ 12.5 
41 0.25 500 | 1:312 | 
| 0.22 125 | 1:87 <6.) | 
42 + 0.25 125 | 1:78 <0.12¢ | 12.5 
37 HF 0.25 250 | 1:156 >0.72 15 
38 i 0.25 250 | 1:156 >1.36 10 
39 ts 0.25 250 | 1:156 >1.16 10 


* Beginning of over-all reaction. 
+ Probably $0.04 second. 


second. This is undoubtedly related to the fact that a far greater 
number of peroxide molecules is required to transform catalase 
than to transform ferrihemoglobin into the intermediate complex 
(2). This phenomenon, in turn, is probably linked up intimately 
with the greater catalytic efficiency of catalase as compared with 
ferrihemoglobin. It does not necessarily infer, however, a differ- 
ence in the stoichiometry of the two reactions. 

The experiment with hydrogen peroxide (Fig. 4, c) shows that 
almost immediately after addition of the substrate the over-all 
reaction starts, as indicated by the oxygen evolution. The latter 
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is responsible for the obliteration of the enzyme spectrum after 
the injection of the substrate. There cannot, then, exist an 
induction period in this catalysis extending beyond the mixing 
time, in this case beyond approximately 0.01 second. 

The combination of catalase with fluoride in the experiment 
mentioned in Table IV was slowed down by the unfavorably low 
hydrogen ion concentration. At pH 6.9 only a small fraction of 
the halogen is present as free hydrofluoric acid. The experiments 
with catalase were carried out at a higher pH than those with 
ferrihemoglobin, because the enzyme is not stable at pH _ 5.3. 
Ferrihemoglobin, on the other hand, is present entirely as the 
acid form at pH 5.3; from pH 6.05 upwards a partial transforma- 
tion into alkaline ferrihemoglobin begins (12). pH 5.3 was chosen 
for the ferrihemoglobin experiments in order to avoid working 
with a mixture of the two forms of the pigment. It does not 
appear likely, however, that the rate differences observed in the 
present experiments are entirely due to the difference in hydrogen 
ion concentration. ‘They are probably due largely to the «pecific 
protein components of the two catalysts. The experiments by 
Millikan (6) on the effect of pH on the rate of dissociation of hu- 
man oxyhemoglobin indicate significant differences but no change 
of the order of magnitude of the reaction rate with a change of 


pH. 


DISCUSSION 


The results obtained with the present method on the rate of 
combination of ferrihemoglobin with ethyl hydrogen peroxide 
permit one to check the values obtained by the photoelectric 
method deseribed previously (5). Whereas the photoelectric 
procedure yielded values for the completion of the reaction rang- 
ing from 0.2 to 0.64 second, the present measurements indicate 
(Table III) that the reaction, under similar experimental condi- 
tions, is complete within the mixing time; namely, within 6 to 
15 milliseconds. Since in both instances the same _ process, 
namely the disappearance of the absorption band of ferrihemo- 
globin in the red region of the spectrum, was followed, it is to be 
concluded that the instruments contained in the photoelectric 
circuit (probably the string galvanometer) introduced an addi- 
tional lag period. This is borne out by comparing the mixing 
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times recorded by the two methods. The photoelectric method 
invariably indicated mixing times of about 0.04 second, whereas 
the spectral kinetic method yields transition values down to 6.5 
milliseconds. 


SUMMARY 


1. An arrangement is described which permits the recording of 
fast reactions without the intervention of photoelectric or electric 
instruments. This is achieved by replacing the plate holder of a 
spectrograph by a falling plate camera. While the plate is falling, 
the reactants are rapidly mixed in an absorption cell by an in- 
jector mechanism. Changes in light absorption are recorded on 
the plate and correlated to time with the aid of time-marking 
devices. The plates may be analyzed either visually or by a 
recording microphotometer. 

2. Control experiments with methylene blue indicate a mixing 
time of 0.008 to 0.027 second. 

3. Dissociation of human oxyhemoglobin at pH 8.6 and 28.5° 
was found to be complete after approximately 0.08 to 0.12 second. 

4. The rate of combination of ferrihemoglobin with hydrogen 
peroxide, ethyl hydrogen peroxide, hydrocyanic acid, and hydro- 
fluoric acid was studied at pH 5.3 and 26-27°. 

5. The rate of combination of catalase with ethyl hydrogen 
peroxide, hydrocyanic acid, and hydrofluoric acid was measured 
at pH 6.9 and 26-—28°. 

6. The main value of the method and of the results, so far 
obtained by it, is that of controlling less direct procedures; e.g., 
photoelectric measurements. 
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EXPLANATION OF PLATES 
PLATE 3 


Fic. 1. Plate obtained with water in the absorption cell. The black 
lines are made with the mechanical time marker; their distance corresponds 
to 0.04 second. The white lines are made by the neon flash circuit. 

Fic. 2. a, methylene blue control; 6, combination of ethyl hydrogen 
peroxide with ferrihemoglobin (Experiment 18); c, combination of hydrogen 
peroxide with ferrihemoglobin (Experiment 31); d, combination of hydrogen 
peroxide with ferrihemoglobin (Experiment 32); e, combination of hydrogen 
peroxide with ferrihemoglobin (Experiment 35); f, combination of hydro- 
fluoric acid with ferrihemoglobin (Experiment 36). For experimental 
conditions consult Table III. 


PLATE 4 


Fia. 3. Dissociation of oxyhemoglobin (Experiment 51). Time marks 
0.04 second apart; 0.24 second after the plate was released, sodium hydro- 
sulfite was injected. The disturbance lasted for 0.04 second. 

Fig. 4. a, combination of hydrocyanic acid with ferrihemoglobin (Ex- 
periment 28); 6, combination of hydrocyanic acid with ferrihemoglobin 
(Experiment 25); c, reaction between hydrogen peroxide and catalase 
(Experiment 45); d, combination of ethyl hydrogen peroxide with catalase 
(Experiment 46); e, combination of hydrocyanic acid with catalase (Ex- 
periment 43). For experimental conditions consult Tables III and IV. 
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PECTIC ENZYMES 
I. THE DETERMINATION OF PECTIN-METHOXYLASE ACTIVITY* 


By Z. l. KERTESZ 


(From the Division of Chemistry, New York State Agricultural Experiment 
Station, Geneva) 


(Received for publication, July 31, 1937) 


In spite of the fact that the chemistry of the enzymic demethox- 
ylation of pectin has been known for over 20 years, there is no 
report in the literature dealing with a quantitative study of this 
reaction. A review of the literature (6) also reveals that there 
is no dependable chemical method available for the determina- 
tion and comparison of pectin-methoxylase (pectase) activity in 
different materials. Such a method is presented in this paper, 
together with some observations on its application and limitations. 

In 1840, Frémy reported the discovery of an enzyme causing the 
coagulation of soluble pectin into gel and named it pectase.' 
Later work established the fact that the enzyme catalyzes the 
cleavage of the methoxyl groups of pectin and that the coagulation 
is a secondary reaction. Accordingly ‘‘pectin-methoxylase’”’ is 
used in this paper for the enzyme only and the term ‘“‘pectase 
reaction”’ is reserved for the visible reaction of enzymic demethox- 
ylation plus gel formation. 

The principal method used in the past for the determination 
of the action of pectin-methoxylase was based on the pectase 
reaction. The enzyme was mixed with pectin and a soluble cal- 
cium salt and the pH adjusted to the presumed optimum of the 
enzyme. The time required for the formation of a gel was then 
observed and regarded as a measure of relative enzyme activity. 

This method is open to severe criticism. While the occurrence 
of a gel is evidence of the presence of the enzyme, either one of two 


* Approved by the Director of the New York State Agricultural Experi- 
ment Station for publication as Journal Paper No. 199, April 12, 1937. 
1 For the literature of the subject, see (6). 
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factors may account for a failure of gel formation; namely, lack of 
demethoxylation or conditions in the reaction mixture may not be 
favorable for the formation of the gel from pectic acid. Under 
any given conditions the gel formation has a pH optimum on the 
acid side, but the exact place of the optimum depends on the 
composition of the mixture. It has been reported previously (6) 
that the pectin-methoxylase does not have an optimum pH. Its 
action increases with decreasing hydrogen ion concentration until 
the effect of the alkalinity of the medium supersedes the enzyme 
action. Thus, the presumed pH optima for the pectase reaction 
as given by various authors were rather the optima of the gel 
formation than of the enzyme action itself. 

Ball (1) and later Sloep (13) followed the changes in the vis- 
eosity of pectin-pectin-mcthoxylase mixtures. Obviously the 
same criticism as was advanced for the observation of the gel 
formation may be raised against the exactness of this method. 
Sloep also determined the enzyme action in a few cases by esti- 
mating the pectic acid and methyl alcohol formed. The deter- 
mination of these reaction products should give a correct picture 
of the enzyme action, but unfortunately the methods which have 
to be used are tedious and are not applicable to serial determina- 
tions. 


Proposed Method 


The method proposed herein for the determination of the action 
of pectin-methoxylase is essentially the same as the procedure that 
Kxnaffl-Lenz (7) used for lipases and which was recommended for 
this purpose by von Euler (4). Upon demethoxylation the ear- 
boxyl groups of the galacturonic acids in pectin are set free and 
can be titrated. This method gives results in good agreement 
with the determination of the amount of unchanged methyl ester 
by saponification (3, 11). Attempts to hold the pH of the reaec- 
tion mixtures constant by the use of buffers but without the addi- 
tion of alkali were futile. By the use of the method of Knaffl- 
Lenz, in which the alkali is added in short intervals throughout the 
reaction, a practically constant pH can be attained. 

As indicated in a previous publication ((6) p. 254), the pectin- 
methoxylase shows increased activity with decreasing hydrogen 
ion coneentration. Determinations on the alkaline side are 
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impossible, because the pectin is easily demethoxylated even in 
moderately alkaline medium. It has been thought advisable to 
determine the activity of the enzyme at a pH below the neutral 
point, because in such a case there was less possibility of causing 
demethoxylation of the pectin by local effect of the alkali during 
the adjustment of the pH and during titrations. 

As a convenient end-point pH 6.2 has been chosen and methyl 
red indicator was used in the mixtures.2. The reaction mixtures 
contained 30 ce. of an approximately 1 per cent citrus pectin 
solution, and 10 cc. of enzyme, alkali, and water. The enzyme 
solution was added to the pectin solution in a 100 ce. Erlenmeyer 
flask, 5 drops of indicator added, and the pH adjusted with 0.1 N 
NaOH to the point where the last pinkness of the mixture disap- 
peared from 1 drop of alkali. A 5 ce. microburette with 0.02 ee. 
subdivisions was used throughout this work. Distilled water 
was added to make the total volume of the mixture 40 ec. All 
the mixed components were previously brought to 30° and this 
temperature was also maintained during the reaction. The 
mixture was then titrated every 5 minutes for 30 minutes to adjust 
to the original pH of 6.2. In case there is slow enzyme action, 
the titrations are performed only every 10 minutes. The initial 
velocity of the reaction up to at least 30 to 40 per cent of hydrol- 
ysis is practically constant; thus, in case of very low enzyme 
activity the reaction is followed for an hour or even 2 hours and 
the alkali consumption calculated for a 30 minute period. If 
possible the alkali consumption should be not less than 0.1 ce. 
and not more than 0.3 ec. at the end of a 5 minute period. Alkali 
consumption exceeding 0.3 ce. per 5 minutes indicates a quantity 
of acid formed which is liable to lower the pH to the extent that 
it may reduce the rate of the reaction. 

The number of mg. of methoxyl split off during the 30 minute 
reaction period (total cc. of 0.1 N alkali X 3.1) divided by the cc. of 
enzyme solution used gives the mg. of methoxyl split off by 1 ce. 
of enzyme solution, or the pectin-methoxylase units per ec. of 
solution. This figure, divided by the weight of dry material 
contained in 1 ec. of enzyme solution, will give the mg. of CH;O 
split off by 1 gm. of material or the pectin-methoxylase units per 
gm. of dry material. 


* Tests showed that this indicator has no influence on the enzyme action. 
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Some Limitations of the Method 


The method described herein may be useless in the case of 
highly colored materials with low enzyme activities with which 
larger quantities of the enzyme solution have to be used. During 
these investigations only one material was found in which the 
enzyme activity could not be determined. Ball (1) used the leaves 
of the lilae plant (Syringa vulgaris) as a source of this enzyme. 
The leaves contain a water-soluble material from which a red 
pigment is formed at pH 6.2. This pigment masked the color of 
the methyl red indicator. This difficulty may be overcome by 
the use of electrometric determination of the end-point instead 
of an indicator. 


TABLE I 
Effect of pH on Enzymic Demethorylation of Pectin 
l ec. of tomato juice was used, dry matter 4.72 per cent. 


Pectin-meth- 


E t 0.1 N alkali Relati 
l 6.2 1.56 4.84 102 100 
2 5.2 1). 92 2.85 (60 ) 59 
3 4.2 0.23 0.71 ae 15 


were obtained under different conditions than those which yield the cor- 
rect number of pectin-methoxylase units. 


Some Factors Influencing Determination of Pectin-Methoxrylase 
Action 


Effect of pH—With 1 cc. of freshly pressed juice from ripe 
tomatoes, the demethoxylation was determined at three different 
constant acidities. Different indicators were employed to estab- 
lish the pH of the mixture, which was maintained practically 
constant during the 30 minute reaction period by titration every 
5 minutes. Table I shows the results obtained. In agreement 
with previously published results (6), the activity of the enzyme 
decreased considerably at lower acidities. 

In an experiment the reaction mixtures were titrated every 9, 
10, and 15 minutes respectively, or at the end of the 30 minute 
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period. These data, shown in Table I], again indicate that any 
decrease caused in the actual acidity of the mixture during the 


II 

Effect of Repeated Titrations and of Added Buffer on Extent of Enzymic 
Demethoxylation in 30 Minutes; Initial pH 6.2 

0.5 ec. of tomato juice was used, dry matter 7.59 per cent. 


Pectin 


| | pergm. 
| ce. mg. per cent 
1 | Every 5 min. | 1.52 4.71 124 100 
2 “ | 008 | 2.68 (75) 61 
| O93 2.23 (59) 47 
4 After 30 ‘ only | @Oag 1.15 (30 ) 24 
5 As (4) but with 5 cc. = «0.94 2.95 (78) 62 


phosphate buffer added 


The significance of the figures in parentheses is explained below Table I. 


TABLE III 
Influence of Substrate Concentration on Action of Pectin-Methorylase 


0.5 ce. of tomato juice was used, dry matter 3.74 per cent. 


Pectin | Hydrolyza- | Fraction of 
solution ig'golution | split off 
128 units 
ce. | mg. mgt | percent | 
2 18.0 13.0 1.96 | 15.0 | (108) 82 
4 Me 1 101 
7 31.5 22.8 2.37 04 | W 99 
| 2.40 9.2 128 
) 40.5 29.3 2.23 7.6 (119) | 98 


The significance of the figures in parentheses is explained below Table I. 


reaction lowers the velocity of the demethoxylation. The use 
of phosphate buffer is not sufficient to maintain the pH constant. 
With citrate buffer the titrations at pH 6.2 became very uncertain. 
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Influence of Substrate Concentration—The results given in Table 
III show the effect of the pectin concentration. With increasing 
quantities of pectin in the mixture the extent of demethoxylation 
by a similar quantity of enzyme (0.5 cc. of tomato juice, pectin- 
methoxylase units per cc. = 4.8) became lower. With 17 to 26 
mg. of saponifiable CH;O present, the quantity of methoxyl split 


TaBLeE IV 


Influence of Enzyme Concentration on Determination of Action of 
Pectin-Methoxylase 


Experi- | Applied | Pectin-methoxylase units 
| Material termi- | matter | 
wiiee: nation | Per cc. | Per gm. 
per cent 
J Filtered juice of Windsor 5.0 11.14 0.182 1.6 
sweet cherries 10.0 0.189 1.7 
2A Juice of shipped Florida) 1.5 4.25) 2.39 56 
tomatoes 2.0 12.42 | 587 
2.5 2.57 60 
248 98 
| | | | 98 Average 
B | Juice of ripe hot house toma- 1.0 | 3.59 | 5.02. 140 
toes, Forcing Wonder 2.0 | 4.90 137 
© | Alcohol ppt. from B washed = 2.5. 0.34 | 358 
with ether. 0.094 percent 0.33 353 
solution | | | 
3A | 10% extract of dried tobacco | 2.0 3.86 0.44 11.4 
powder | 3.0 0.42: 10.9 
B | Press-juice of leaves of hot 1.0 3.82 1.69 44 
 house-grown (Kentucky) 2.0 11.66! 43 
green White Burley tobacco | : | 
4 _ Press-juice from alfalfa 1 6.99 1.08) 15.5 
2 1.17| 16.7 
3 1.13 16.1 
4 1.04} 14.9 


15.8 Average 


off in 30 minutes was constant. ‘This observation is in agreement 
with those on other enzymes (8). The 30 ec. of 1 per cent citrus 
pectin solution contains about 24 mg. of CH;0. Different lots 


of citrus pectin gave similar results. With an enzyme of different — 


activity the results of these determinations may have been slightly 
different, but the variation caused by this factor should be small. 
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Influence of Enzyme Concentration— As expected, the demethox- 
ylation effected by the enzyme during the 30 minute period was 
found proportional to the quantity of enzyme used. The results 
of several series of determinations presented in Table IV show the 
pectin-methoxylase content of some of the common sources of 
this enzyme. 

Determinations in Pectinases* and in Lipase Preparations— 
When other enzymes of the pectinase complex are present besides 
pectin-methoxylase, it may be difficult or even impossible to show 
its presence by gel tests. The most important function of the 
pectinase complex is the decomposition of the polygalacturonic 


TABLE V 


Determination of Pectin-Methorylase in Mixtures of Pectic Enzymes 


(Pectinases) 
No. | | nation Per ce. Per gm. 
| ee. per cent 
1 Malt extract (10%, fresh) 5 2.58 | 0.083) 1.3 
| 10 | 0.0841 1.3 
2 | Commercial pectinase, No. 2 2.00 | 0.73 | 37 
29AP (made of Monilia sp.) 4 0.65; 33 
6 0.71 36 
~ 0.68 34 
35 Average 
3 Commercial pectinase, No. 46-6 2.00 0.30 15 
(made of Aspergillus sp.) 19 


} 


acid nucleus, preventing the subsequent formation of coagulates. 
The simultaneous occurrence of this reaction does not interfere 
with the determination of the pectin-methoxylase by the present 
method. Results obtained on three pectinases are given in 
Table V. Malt extract, well known for its power to decompose 
pectin, has relatively low pectin-methoxylase activity. The two 
commercial pectinases show much higher activity. It is of interest 
to note that, while the pectin-methoxylase activity of the two 
preparations showed the ratio of 2:1, their relative polygalacturon- 
ase activity was the reverse, viz. 1:2. 


* For a discussion of the pectinase complex, see ((6) pp. 241-250). 
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The presence of pectin-methoxylase in lipase preparations has 
been reported earlier (5) as an additional argument for the esterase 
character of pectin-methoxylase. In a 6 year-old lipase prepara- 
tion (steapsin, Difco) 5.6 pectin-methoxylase units per gm. were 
found. 


Enzymic Demethorylation of Other Galacturonic Acid Methyl Esters 
Than Pectin 


It was of great interest to establish the relative velocity of 
enzymic demethoxylation of other methyl esters of galacturonic 
acid. Polygalacturonic acid polymethyl ester prepared by the 
procedure of Morell, Baur, and Link (9) and several preparations 
of the a-methyl-d-galacturonic acid methyl ester prepared by the 


TABLE VI 
Relative Velocity of Hydrolysis of Different Galacturonic Acid Methyl Esters 


Relative velocity 
of demethoxy- 


lation 
per cent 
Polygalacturonic acid polymethyl ester obtained by 
a-Methyl-d-galacturonic acid methyl ester 0 O1* 


* Less than 10 per cent hydrolyzed in 4 days. 


method of Morell and Link (10), were used. The most active 
enzyme on hand, a crude preparation from tomato juice (pectin- 
methoxylase units per gm. = 356), was used. The relative veloe- 
ity of the hydrolysis of the esters was determined at pH 6.2, with 
the substrates in similar concentrations. The results are shown 
in Table VI. 

The results of these determinations eve somewhat unexpected, 
especially the low rate of hydrolysis found for the monogalactu- 
ronic acid ester. “Two possible explanations of the great differ- 
ences observed are advanced here. According to our present 
knowledge the polyuronic acid in natural pectins contains a large 
number of uronic acid anhydrides, the molecular weight of some 
derivatives of pectin having been found in the neighborhood of 
30,000 (12). During methylation and other chemical treatments 
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the size of the polygalacturonic acid in the ester of Morell 
and Link is reduced to a much smaller number of units, probably 
around 12 (10). The rate of hydrolysis of this ester was 60 per 
cent of that found with pectin. The velocity observed with the 
monogalacturonic acid esters was only slightly lower than that 
observed by Ehrlich and Guttmann (2) in one test in which the 
hydrolysis was allowed to proceed for 5 days. These observations 
suggest that the rate of hydrolysis may depend on the size of the 
polyuronic acid nucleus. 

It is more probable, on the other hand, that the different rates 
observed are caused by the stabilizing effect of glycosidic methoxy! 
groups. Of these groups, natural pectins contain but 0.1 to 0.3 
per cent, the polymethyl ester of polygalacturonie acid around 
1.5 per cent, and the a-methyl-d-galacturonic acid methyl ester 
12.70 per cent. 


SUMMARY 


1. A method for the determination of pectin-methoxylase is 
described and discussed. A unit is proposed for the purpose of 
expressing the enzyme activity. 

2. The effect of the pH, substrate, and enzyme concentrations 
on the determination are discussed in the light of results obtained 
ona number of different materials as sources of the enzyme. The 
method is applicable for the determination of the pectin-methox- 
ylase in the presence of other enzymes acting upon the pectin. 

3. Artificial polygalacturonic acid polymethyl ester is hydro- 
lyzed by the enzyme at a velocity about 60 per cent of that ob- 
served when pectin is used as the substrate. The rate of hydrolysis 
of a-methyl-d-galacturonic acid methyl ester is much lower, about 
0.001 of the rate of hydrolysis of pectin. Two theories are 
advanced to explain these observations. 
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KETONE BODY EXCRETION IN THE CAT: SEX DIFFER- 
ENCE, AND INFLUENCE OF DIET, FASTING, CASTRA- 
TION, AND MALE HORMONE ADMINISTRATION* 


By P. E. CHAMBERLIN, W. H. FURGASON, ano V. E. HALL 
(From the Department of Physiology, Stanford University, California) 


(Received for publication, August 31, 1937) 


Deuel and coworkers (1-3) have recently reported that a sex 
difference in the urinary excretion of ketone bodies, not mani- 
fested under normal conditions, may be demonstrated in human 
beings by fasting, and in rats and guinea pigs by the administration 
of sodium or ethyl acetoacetate. In these cases the females 
showed a greater tendency to ketosis than the males. Emerson (4) 
found that greater ketonuria develops in female rats than in males 
on exposure to ether anesthesia. We have had occasion to 
observe a very different sex difference in another species, the 
eat, which will be described in this paper. 


Methods 


Pairs of healthy adult cats, one male and one female, of approxi- 
mately the same body weight, were kept in metabolism cages per- 
mitting continuous urine collection. The diet consisted entirely 
of either (1) ground lean beef heart, from which all gross fat had 
been carefully separated and which had a protein content of about 
16 per cent, or (2) a canned dog food called Bar None, of which 
the approximate composition was protein 10 per cent, fat 2 per 
cent, inert fiber 1 per cent, carbohydrate 15 per cent, water 
72 per cent. A weighed amount was placed in the cage for 1 hour 
each day and the amount unconsumed determined. ‘The cats 
thus determined their own intake. Water was kept in the cages 
at all times. The cats were weighed every 3 days. 


* We wish to acknowledge the gift by its manufacturers, the Schering 
Corporation, Bloomfield, New Jersey, of the testosterone preparation 
(oretone) used in this study. 
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Urine was collected for periods of 1 to 3 days, and preserved with 
a few drops of toluene. Total ketone bodies were determined by 
the gravimetric method of Van Slyke (5) and expressed as mg. of 
acetone excreted per kilo of body weight per day. 


Results 


Ketone Body Excretion in Normal Cats Receiwing Beef Heart 
Diet—-In Table I are given the individual mean excretory rates 


TABLE I[ 


Average Daily Excretion of Acetone by Male and Female Cats on Beef 
Heart Diet 


Total Preformed _B-Hydroxy- 
Cat No. Weight acetone per or acetone per buty —— 
kilo per day er kilo perday Per day 
Ag. mg. | mg. mg. 
Males 2 3.72 27 .61 4.38 | 
3.31 30.92 3.86 
6 3.89 22.76 15.60 7.16 
s 2.69 16.25 8.22 8.03 
10 4.16 28 .73 3.19 16.54 12.19 
Mean. 3 25.25 
Females 3.39 34 1.30 
3 3.10 6.95 1.28 
2.59 4.10 2.36 1.74 
7 2.64 4.99 1.5] 1.10 3.89 
q 2.74 7.44 0.57 1.49 9.99 
Mean. . 


for male and female cats. Each mean is based on three to seven 
determinations, each representing a 3 day period, and therefore 
covers the total excretion for 9 to 21 days. The variability among 
determinations is measured by the standard error of the mean, 
which has been calculated for each animal. The males secrete 
about 4 times as great a quantity of total ketone bodies as do the 
females. Since the chances that a difference as great as that 
observed could occur if sex had no influence (Fisher’s (6) method 
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for small numbers of cases) are 6 in 10,000, these findings may be 


regarded as reliable. 

In the urine of three pairs of cats preformed acetone (acetone 
plus acetoacetic acid) as well as total ketone bodies was deter- 
mined, the difference representing the §-hydroxybutyric acid 
content. The sex difference is present in both fractions, although 
more marked in that representing the sum of acetone and aceto- 
acetic acid. 

The females used were not pregnant. The ketone body excre- 
tion rates of two pregnant animals, determined throughout the 
last month of pregnancy, were not significantly different from those 


II 
Effect of Fasting on Ketone Body Excretion (Mg. per Kilo per Day) 
Males | Females 
Cat No. | Control | Fasting | ‘oe | Cat No. | Control Fasting yt enna 
2 27.61 | 24.31 | —11.9/ 1 | 8.84 | 18.17 | +857.9 
4 30.92 | 19.38 | —37.3 3 6.95 7.93 | 414.1 
6 22.76 | 11.16 | —51.0 | 7 4.99 1.58 —68.3 
8 16.25 | 3.53 | —78.3 | 9 7.44 | 1.22 | —83.6 
10 28.73 | 12.37 | —56.9 | : 
Means...| 25.25 | 14.15 | —47.1 | | 6.93 | 5.97 | —20.0 


of non-pregnant animals, the means for these cases being 6.26 
and 6.15 mg. per kilo per day respectively. 

Influence of Fasting—Since Deuel had shown that fasting in- 
creased the ketone body excretion of women more rapidly and 
more markedly than that of men, it was of interest to determine 
whether fasting in the cat would abolish or reverse the sex dif- 
ference observed on beef heart diet under the conditions of our 
experiments. The animals were therefore completely deprived of 
food for a 9 day period. The ketone body excretion rates during 
this period are given in Table II. In both sexes there is a de- 
crease. In the males this amounted to 47 per cent; the difference 
observed could occur less than 4 times in 100 if fasting were 
without effect. In the females the variability is such that the 
difference cannot be considered reliable. In spite of the large 
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fall of ketone body excretion in the males, the sex difference is still 
evident. It is now such as might occur 15 times in 100 if sex had 
no effect. Since the ketone excretion rate fell rapidly in the first 
3 day period and remained constant thereafter, showing no tend- 
ency to rise in either sex, it does not seem probable that fasting of 
longer duration would have had a different effect. Since by this 
time the animals were in poor clinical condition, it was not thought 
desirable to continue fasting further. 

Our results are concordant with those of Trimbach (7), who 
observed a decrease in excretion of body acetone and 6-hydroxy- 
butyric acid by cats fasted 8 to 10 days after being maintained on 
a milk diet. The sex of the animals was not noted. 


TABLE III 


Effect of Change from Beef Heart to Mized Diet on Ketone Body Excretion 
(Mg. per Kilo per Day) 


Males Females 


ot No | Beet | Mixed | Percent |... | Beef | Mixed | Percent 
Cat No. heart | diet | | Cat No. heart diet 
6 22.76 7.05  —69.0 5 10.28 | 4.06 | —60.5 
4. | 4.99 | 5.86 +17.4 
10 | 28.73 | 8.37 | -—70.9 | 9 7.44 | 3.59 | —81.7 
Means...) 22.58 6.54 —71.4_ 7.57 4.50 | —31.6 


Effect of Mixed Diet—Three pairs of cats, after a period of beef 
heart feeding, were given the canned dog food (which was designed 
to be an adequate mixed diet) for 16 days. As may be seen in 
Table III, both sexes show a marked fall in ketone body excretion, 
that in the males amounting to 71 per cent, that in the females to 
32 per cent. The chances that the differences observed could 
occur if the diet were without effect are 7 and 208 chances in 1000 
respectively. Although the mean for the males remains somewhat 
above that for the females, the sex difference is no longer statis- 
tically reliable. Restoration of the beef heart diet causes return 
of ketone body excretion to the previous level. 

Since the ketogenic-antiketogenic ratio of beef heart is obviously 
greater than that of the mixed diet, the fall in ketone body excre- 
tion was to be expected. The fact, however, that the fall was 
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greater, both absolutely and proportionally, in the males than in 
the females shows that the change of this ratio alone is inadequate 
to account for the observations. 

Effect of Castration—-The sex difference observed in cats on a 
beef heart diet might depend upon either some bodily phenomenon 
associated with sex (such as the greater proportional size of the 
kidney in the male, noted by Hall and MacGregor (&)) but not 
requiring the presence of sex. hormones for its maintenance or a 
direct effect of the presence of such hormones. In the latter case, 
either the female hormones might depress ketone body excretion 
or the male hormones increase it. To obtain evidence on these 
matters, five pairs of cats were castrated. Ketone body deter- 
minations made during the first 2 weeks after the operation gave 


TABLE IV 
Effect of Castration on Ketone Body Excretion (Mg. per Kilo per Day) 
Males } Females 
Cat No. Pre- Post- | Percent = yt No. Pre- Post- Per cent 


operative operative change operative operative change 


2 17.01, 15.06 —11.5 8.02 8.49 | +5.9 
4 31.99 | 10.84 -—66.1 3 6.33 | 8.53 | +34.7 
6 21.81 | 9.18 | -—57.9 | 5 10.28 11.64 
~ 23.13 | 14.74 | -36.3 | 7 13.29 | 8.55 | —35.7 
10 18.34 | 13.72 | —25.2 9 8.99 13.52 +50.4 
Means... 22.45 12.70 | —43.4— 9.38 | 10.14 +81 


values which did not differ from those on the same animals before 
operation. However, further determinations begun 2 months 
after castration gave the results presented in Table IV. The 
excretion rate of the males fell over 39 per cent, the difference 
being such as could occur once in 100 times had castration been 
without effect. The 13 per cent rise occurring in the females is 
not statistically reliable. The sex difference is practically oblit- 
erated. It thus appears that the sex difference under discussion 
depends upon the presence of the testicles, the activity of which 
increases the ketone body excretion above a low level common to 
females and castrated males. In rats receiving acetoacetic acid, 
Grunewald, Cutler, and Deuel (3) found that castration reduced 
the ketone body excretion in both sexes. 
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Effect of Injection of Testosterone into Castrate Males—The prob- 
lem of whether the testicle exerted its influence through the se- 
cretion of a hormone or otherwise was studied further by the ad- 
ministration of testosterone, the androgenic substance currently 
regarded as the testicular hormone. <A propionic acid ester of testo- 
sterone prepared by the Schering Corporation under the name of 
oretone was used, its action having proved more effective and pro- 
longed than that of the free hormone (McCullagh and Stim- 
mel (9)). Since the hormone was present in solution in a neutral 
oil, olive oil was injected into one castrate male in doses of 0.2 ce. 
per kilo per day for 8 days as a control. No change in ketone 
body excretion resulted. Two castrate males were then given 
the hormone preparation by intramuscular injection, receiving 


TABLE V 


Effect of Testosterone on Ketone Body Excretion of Castrate Male Cats (Mg. 
per Kilo per Day) 


Injection period 
Cat No Castrate control Per cent change, 


period eeetms R emain der control to peak 
2 9.12 13.80 30 .43* +333 .6 
4 15.64 15.91 30.94 +197.8 


6 | 13.11 17 .92 30.48 +270.6 


* One reading only. 


0.1 ec. (0.5 mg.) per kilo per day for 6 days, followed by 0.2 ec. 


(1.0 mg.) per kilo per day for the next 2 days. A third received 
0.35 ec. (1.95 mg.) per kilo on each of 2 successive days. On the 
7th to 9th day following the initial injection there began a rapid 
rise in ketone body excretion rate, reaching a peak about 5 days 
later, which carried the rate to a level from 2 to 4 times that of the 
preinjection control period. A slow downward trend ensues. The 
values obtained are given in Table V. The chances that the rises 
seen in the individual animals could occur if testosterone had no 
effect are 16, 0.2, and 5 in 1000 respectively. 

The metabolic activity of another androgenic substance, andro- 
stenedione has been studied by Kochakian and Murlin (10); we 
have based our dosage upon theirs, assuming testosterone to be 
5 times as effective as androstenedione (Deanesly and Parkes (11)). 
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Administration of androstenedione to castrate male dogs caused a 
fall in r.Q. without increase in the urinary nitrogen excretion. 
These findings, suggesting increased fat oxidation, appear to be 
eoncordant with our finding that testosterone increased ketone 
body excretion. However, the time relations are quite different. 
While the action described by these workers began on the day of 
administration and had disappeared 8 days after the last injection, 
the increased ketone body excretion does not appear until the 8th 
day. The significance of the delay is not clear, for it does not 
appear in the effect on such anatomical changes as comb growth of 
the capon (McCullagh and Stimmel (9)). It recalls the somewhat 
similar delay in the action of the thyroid hormone on the meta- 
bolic rate. 
DISCUSSION 

The sex difference herein reported for the cat differs from those 
previously described in other species in the following respects: 
first, the direction is reversed, the male excretory rate being 
greater; secondly, it is present in the untreated animal on its nor- 
mal meat diet; and thirdly, it disappears when the animal receives 
a mixed diet. While the existence of the relations herein reported 
in the cat may well rest upon some anomalous feature of the ketone 
body production, utilization, or excretion of this species, they sug- 
gest that caution should be exercised in regarding the relations 
reported by Deuel and coworkers in the guinea pig, rat, and human 
being as characteristic of mammals as a group. 

The possibility that the substance (or substances) responsible 
for the sex difference in ketone body excretion might not be the 
conventional ketone bodies but a urinary constituent forming, in 
the course of the determination by Van Slyke’s method, an insolu- 
ble precipitate with mercuric sulfate, has been considered. Such 
a substance might occur in beef heart, but not in the mixed diet 
used. However, the fact that the sex difference is evident not 
only in the preformed acetone fraction but also in the 6-hydroxy- 
butyric acid fraction would require the postulation of two such 
interfering substances, and accordingly may be considered to 
render the possibility less probable. 

It should be noted that the changes in ketone body excretion 
reported herein are of small magnitude as compared with those 
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resulting from pancreatectomy, which in the cat, according to 
Long and Lukens (12), causes the excretory rate to rise to 148 mg. 
per kilo per day, from a fasting control value of 11 mg. per kilo 
per day. 

SUMMARY 

1. Normal adult male ‘cats, maintained on a diet consisting 
solely of lean beef heart, excrete a significantly greater quantity 
of ketone bodies than females. 

2. Fasting, by reducing the excretion rate in the males, reduces 
but does not abolish the sex difference. 

3. A mixed diet reduces the excretion rate in the males to a level 
abolishing the sex difference. 

4. Castration of male animals, but not of females, after a con- 
siderable delay reduces the excretion rate. The sex difference is 
abolished. 

5. Injection of testosterone into male animals produces a return 
of ketone body excretion to precastration levels. The effect begins 
to appear about 8 days after beginning injection and continues for 
at least 2 weeks after cessation of injection. 
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THERMODYNAMIC PROPERTIES OF SOLUTIONS OF 
AMINO ACIDS AND RELATED SUBSTANCES 


Il. THE ACTIVITY OF ALIPHATIC AMINO ACIDS IN AQUEOUS 
SOLUTION AT TWENTY-FIVE DEGREES* 


By PAUL K. SMITH anp ELIZABETH R. B. SMITHt 


(From the Laboratories of Pharmacology and Toxicology and of Physiology, 
Yale University School of Medicine, New Haven) 


(Received for publication, September 3, 1937) 


The present paper is the second from a comprehensive study of 
the thermodynamic properties of aqueous solutions of amino acids. 
The measurements of the activities have been extended to include, 
at 25°, five more aliphatic amino acids with increasing length and 
complexity of the carbon chain. 


Procedure 


Method—The method was the same as that employed in deter- 
mining the activity of glycine solutions (9). Vapor pressures of 
the amino acid solutions were measured by the isopiestic technique 
described by Robinson and Sinclair (7) with sucrose as the stand- 
ard of reference. The values chosen (9) for the vapor pressure 
of sucrose solutions differed significantly from the values found 
by Robinson and Sinclair (7) by the isopiestic method with potas- 
sium chloride as the reference substance. This difference becomes 
negligible if the more recent determinations of the activity coeffi- 
cients of potassium chloride solutions by Shedlovsky and Mac- 
Innes (8) and by Harned and Cook (4) are used in a recalculation 
of the data of Robinson and Sinclair. 


* The first paper of this series was, ‘‘The activity of glycine in aqueous 
solution at twenty-five degrees’? (Smith and Smith (9)). 

This investigation was aided by a grant from the Fluid Research Fund of 
the Yale University School of Medicine. 

t Honorary Fellow in Physiology, 1933-38. 
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Materials—The sucrose was a standard sample purchased from 
the Bureau of Standards. The amino acids were all commercial 
synthetic products. After purification they were carefully dried 
over anhydrous magnesium perchlorate at 105°. Nitrogen deter- 
minations were made by the semimicro-Kjeldahl method of Hitch- 
cock and Belden (5).1. As an additional, and probably better, 
determination of their identity and purity, solubility measurements 
were made at 25° by shaking a small amount of water with an 
excess of amino acid, filtering the saturated solution, and deter- 
mining the amount of solute per 1000 gm. of water by drying to 
constant weight at 105°. More water was added to the remainder 
of the solute and a second measurement made. If the amino 
acid was pure, the successive determinations agreed within the 
experimental error. This is a modification of the criterion em- 
ployed by Cohn, McMeekin, Edsall, and Weare (2). 

dl-Alanine—Purchased from Eimer and Amend. Recrystal- 
lized from water and twice from alcohol-water mixtures. Nitrogen 
calculated 15.7 per cent; found, 15.5. Solubility, 1.851 and 1.856 
moles per 1000 gm. of water. 

dl-a-A mino-n-Butyric Acid—Purchased from Amino Acid Manu- 
factures, Chemistry Department, University of California at Los 
Angeles. Recrystallized once from water and twice from alcohol- 
water mixtures. Nitrogen calculated, 13.6 per cent; found, 13.5. 
Solubility, 2.234 and 2.236 moles per 1000 gm. of water. 

dl-a-Amino-n-Valeric Acid—Purchased from Eastman Kodak 
Company. Recrystallized once from water and three times from 
alcohol-water mixtures. Nitrogen calculated, 12.0 per cent; 
found, 12.1. Solubility, 0.691 and 0.687 mole per 1000 gm. of 
water. 

a-Aminoisobutyric Acid—-Purchased from Eastman Kodak 
Company. Recrystallized once from water and twice from alco- 
hol-water mixtures. Nitrogen calculated, 13.6 per cent; found, 
13.3. Solubility, 1.537 and 1.536 moles per 1000 gm. of water. 

dl-Valine—Purchased from Amino Acid Manufactures. Re- 
crystallized once from water and twice from alcohol-water mix- 
tures. Nitrogen calculated, 12.0 per cent; found, 12.0. Solu- 
bility, 0.627 and 0.627 mole per 1000 gm. of water. 


1 We are indebted to Miss Alice Taylor for these analyses. 
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Concentrations, in Moles per 1000 Gm. of Water, of Isopiestic Solutions of 


0.2292 
0.2514 
0).2738 
0). 2834 
0.2925 
0.3133 
0.3187 
0.3268 
0.3352 
0.4148 
0.4340 
0.4538 


0.4459 
0.4928 


Sucrose and Amino Acids at 25° 


m A m S mA S 
dl-Alanine 
0.2331 0.717 0.761 1.231 
0.2556 0.766 0.813 1.252 
0). 2792 0.793 0.847 1.295 
0). 2894 0.825 0). 882 1.310 
0.2988 0.923 0.992 1.351 
0.3208 0.960 | 7.038 1.390 
0.3263 0.988 1.070 1.403 
0.3349 1.00] 1.088 1.444 
0.3438 1.036 1.127 1.519 
(). 4280 1.065 1.163 1.532 
0.4478 1.070 1.170 1.560 
0. 4686 1.084 1.182 1.594 
0.611 1.105 1.210 1.623 
0.632 1.171 1.288 1.637 
0.688 1.18] 1.292 1.670 
0.725 1.185 1.306 1.675 


} 


dl-a-Amino-n-butyric acid 


0.3066 0.923 0.964 1.444 | 1.542 
0.4288 0.988 1.033 1.536 1.650 
0.4540 1.084 1.140 1.560 1.679 
0.4651 1.112 1.171 1.566 1.684 
0.648 1.181 1.249 1.623 1.749 
0.706 1.185 1 250 1.636 1.764 
0.740 1.252 1.330 1.667 1.798 
0.793 1.295 1.378 1.670 1.808 
0.798 1.310 1.389 1.681 1.817 
0.810 1.340 1.427 1.798 1.959 
0.858 1.349 1.436 1.896 2.070 
0.872 1.436 1.534 1.952 2.146 
dl-a-Amino-n-valeric acid 
0.2111 | 0.506 | O.817 | 0.806 | 0.612 
0.2177 | 0.80 |; | | 
0).2255 0.534 | 0.545 | 0.620 | 0.635 
0.2517 | 0.555 | 0.567 | 0.624 | 0.640 
0.3862 | 0.567 | 0.581 | 0.651 | 0.670 
0.4557 | 0.576 | 0.589 0.662 | 0.677 
0.5047 0.598 0.612 0.667 0.686 
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TABLE I—Concluded 


ms 4 mS m 4 ms 4 


a-Aminoisobutyric acid 


0.2076 Q . 2087 @0.654 0.666 1.121 1.167 
0.2330 0.2352 0.686 0.702 1.172 ] .225 
0.2677 0.2701 0.710 0.727 1.181 1.229 
0.3165 | 0.3200 0.766 0.784 1.185 1.239 
0.3629 0.3660 0.769 0.790 1.231 1.290 
0.4209 0.4255 0.793 0.817 1.252 1.311 
{)}. 4447 0.4505 0.825 0.850 1.295 1.358 
0.4841 0.4923 0.923 0.953 1.310 1.376 
0.513 0.521 0. O88 1.024 1.349 1.416 
0.528 0.536 1.036 1.077 1.390 1.461 
0.541 0.551 1.070 1.133 1.403 1.477 
0.629 0.642 1.084 1.411 1.487 
dl-Valine 
0). 2207 0.2218 0.3318 0.3338 0.4415 | 0.4455 
2231 0). 2243 0.3505 0.3527 0.4538 0.4575 
0). 2265 0.2270 ).3614 0.3644 0.4759 0.4796 
0). 2292 0.2307 0.3720 0.3751 0.504 0.509 
0.2720 0). 2737 0.3801 0.3825 0.513 0.519 
0). 2925 0.2940 0.3922 0.3954 0.541 0.547 
0.3103 0.3119 0.4030 0.4064 0.571 0.576 
0.3187 0.3210 0.4187 0.654 0.662 
Results 


The results are summarized in Table I. 
Large scale plots were made of the ratio of isopiestic molalities 


of sucrose and amino acid, msg/m4, against ms, and curves were 
drawn through the points. These curves may be represented by 
the following equations. 


dl-Alanine—ms/ma = 1 — 0.077 ms — 0.005 ms* + 0.005 ms* 
dl-a-Amino-n-Butyric Acid——-ms/ma = 1 — 0.045 ms 

dl-a-A mino-n-Valeric Acid—-ms/ma4 = 1 — 0.039 msg 
a-Aminoisobutyric Acid-——ms/ma = 1 — 0.027 ms — 0.007 ms? 
dl-Valine—ms/ma = 1 — 0.020 ms 


At equilibrium the activity of water in the sucrose and in the 


amino acid solution is the same, and the osmotic coefficient of the 
amino acid solution, ¢,, may be calculated from the relation 


ms 


%, 
4 
5 
| 
| 
. 
| 
| 
4 
# 
a 
= 
a 
| 
ae 
& 
3 
Sey we 
4 
# 
+ 


P. K. Smith and E. R. B. Smith 


The values for the osmotic coefficients of sucrose, gs, given in an 
earlier paper (9), may be represented by the equation 


gs = 1 + 0.095 m + 0.0013 m? 


a-AMINO-ISO-BuTyRic Acid 
\O 
oO 

a-AMINO-1)-BuTy RIC ACID 

LOC 
| | | | | | 
0.0 0.2 m 04 10 l2 14 Lé 15 20 
A 


Fic. 1. The osmotic coefficients of the aliphatic amino acids 


The results, shown graphically in Fig. 1, are summarized by 
the following equations. 


Glycine--g¢ = 1 — 0.105 m + 0.040 m? — 0.0058 m? 
dl-Alanine—¢g = 1 + 0.010 m — 0.001 m? 


dl-a-Amino-n-Butyric Acid—g = 1 + 0.049 m — 0.004 m? 


dl-a-Amino-n-Valeric Acid—¢ = 1 + 0.054 m 
a-Aminoisobulyric Acid = 1 + 0.067 m — 0.010 m? 


dl-Valine—y = 


An equation and curve for the glycine results (9) are shown for 


comparison. 


1 + 0.073 m 
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The activity coefficients, y, may be calculated by use of the 
equation 


m 
2.3026 logy = ¢ — 1 
9 m 


The integral was evaluated graphically, as in the work with 
glycine (9). By direct integration, making use of the empirical 
equations for the osmotic coefficients, ¢ = 1 + am + bm? + emi, 


TaBLe II 
Activity Coefficients of Amino Acid Solutions at 25° 


0.2 1.005 1.020 1.022 1.025 | 1.030 
0.3 1.008 1.029 1.032 1.038 1.045 
0.4 1.010 1.039 1.044 1.050 1.060 
0.5 1.012 1.048 1.055 1.062 1.076 
0.65 1.015 1.062 1.072 1.080 1.101 
0.8 1.018 1.077 1.099 

1.0 1.023 1.096 1.121 

1.3 1.027 1.114 1.144 

1.5 1.034 1.141 1.177 

1.040 1.159 

1.9 1.046 1.178 

2.1 | 


.195 


where a may be positive or negative, and b and c may be positive, 
negative, or 0, we obtain the equation 


2.3026 log y = 2 am + 3/2 bm? + 4/3 cm® 


which may be used as an alternate means of calculating y. 
Table II is a summary of these data. 


DISCUSSION 


Cohn and his coworkers have pointed out (2) that, ‘‘In attempt- 
ing to characterize amino acids and proteins in terms of their 
composition and structure, we can neglect neither the nature of 
the chemical groups that they contain, nor the electrical fields of 
force to which their neutral molecules give rise.” The dielectric 
constant measurements of the aliphatic amino acids (10) indicate 
that the electrical properties of these substances are essentially 
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the same so the differences in activity found here are probably 
associated with differences in structure. 

The activities of all five of these acids are strikingly higher than 
that of glycine (9). Since amino acids exist as dipolar ions, a 
tendency to form associated molecules in solution is said to be a 
probably inherent property of these compounds (3), and the low 
activity coefficients of glycine (1), glutamic acid, and aspartic 
acid (6) are cited as evidence for such association. The measure- 
ments in this series, however, indicate that the other aliphatic 
amino acids differ from glycine in this respect. 

The values for the osmotic and the activity coefficients usually 
increase with each additional methylene group, although a-amino- 
n-valeric acid does not differ significantly from a-amino-n-butyric 
acid. Activities calculated from the ratio of solubilities in water 
and in alcohol (2) do show a regular increase for each methylene 
group. In the two pairs of compounds studied, the activity of 
the branched chain amino acid is appreciably higher than that of 
the corresponding normal chain acid. 


The authors thank Professor D. I. Hitchcock for his criticism 
and encouragement in this research. 


SUMMARY 


The osmotic and the activity coefficients of dl-alanine, dl-a- 
amino-n-butyric acid, dl-a-amino-n-valeric acid, a-aminoiso- 
butyric acid, and of dl-valine have been determined at 25° by an 
isopiestic method with sucrose as the reference substance. 
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A THERMODYNAMIC ANALYSIS OF ULTRAFILTRATION 


THE ULTRAFILTRATION OF SUCROSE AND COLLOIDAL 
SOLUTIONS 


By LOUIS B. FLEXNER 
(From the Department of Anatomy, Johns Hopkins Medical School, Baltimore) 


(Received for publication, April 7, 1937) 


The present study has been stimulated by a consideration of the 
biological process underlying the formation of cerebrospinal fluid 
(6). In judging whether the chemical composition of this and 
other body fluids is best to be understood by considering any 
one of them a dialysate in equilibrium with the blood plasma, or 
an ultrafiltrate of the plasma or a true secretion involving energy 
expenditure by living cells, it becomes necessary to devise rigid 
criteria for these different processes. It is the purpose of this 
paper to present such a criterion for an ultrafiltrate and to show 
its relationship to the state of equilibrium. In addition to this 
an effort is made to analyze, by means of this criterion, the energy 
changes which take place in the ultrafiltration of sucrose solutions 
through collodion membranes. 


Theory 


For the purpose of thermodynamic analysis, the process of 
ultrafiltration may be considered to occur in the following steps. 
(1) n; moles of Substance 1 and nz moles of Substance 2 are raised 
from a pressure of 1 atmosphere to 1 + AP atmospheres. (2) 
dn, and dn2 moles of Substances 1 and 2 pass through a mem- 
brane, coming out at a pressure of 1 atmosphere and in a com- 
position ratio dn,:dnq different from ny:n.. The pressure on the 
residue is maintained constant at 1 + AP atmospheres. (3) The 
residue consisting of n,; — dn, moles of Substance 1 and m — 
dn. moles of Substance 2 is brought to a pressure of 1 atmosphere. 

The free energy which has been expended on the system and is 
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616 Thermodynamics of Ultrafiltration 


available for producing a change of composition in the filtrate may 
be calculated by use of the equation 


AF = (n,6, + n,iy + ...)AP 


where 6, and 0, are the partial molal volumes of substances in the 
solution. In the case under discussion the free energy expended 
on the system is the difference, 


This difference equals 
(2) AF, = ndd,)dP + + + {(di,dn, + di.dn;,)dP 


The last term is of higher order and may be canceled. The first 
term contains the integrand ndi; + nedi2 which sums to 0 (13), 
since the variations of the partial molal volumes occur at constant 
temperature and pressure. Hence the free energy expended on 
the system for the production of dn; + dne moles of filtrate is 


(3) AF; = [(i,dn, + 


In expression (3) the partial molal volumes are those of a vari- 
able solution from which an increasing amount of filtrate is being 
formed. However, in order to avoid an integration, the volume 
of original solution will be considered so large in comparison to 
the volume of filtrate that the partial molal volumes during the 
period of filtration may be considered those of the original solu- 
tion and constant. If the solution be assumed incompressible 
and if finite quantities proportional to dn; and dn be used as an 
approximation when only a small fraction of filtrate is formed (this 
is equivalent to an approximate integration over a very small 
range), expression (3) gives 


(4) AF, = + 


It is to be noted that in expression (4) the partial molal volumes 
are for the mother liquor but n; and m2 must be taken in the pro- 
portions in which the substances pass into the filtrate. Since 
these proportions are not the same as the mother liquor but differ 
by a finite amount, the expression i,dn,; + tedne does not exactly 
represent a real physical volume except for special cases when the 
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partial molal volumes are constant or when some special compen- 
sation takes place. In general, the volume is a fictitious volume. 
In this case the expression has a real numerical value that can 
be calculated and used regardless of the physical meaning and in- 
troduces no important error into the calculations which shall be 
made. 

Having determined the free energy available for producing a 
concentration change, the next step is to determine the free energy 
difference between an infinitesimal quantity of ultrafiltrate and its 
mother hquor. This is given by the expression 
(5) AF, = (an In + dns in 


dom! 


where d,, and a,,; are respectively the activities at 1 atmosphere of 
the substances in ultrafiltrate and mother liquor, R is the gas 
constant, and 7 the absolute temperature. If the composition of 
the ultrafiltrate be different from that of its mother liquor, AF» 
is positive. Af’, is the maximum free energy to be obtained from 
the system on mixing the dn, + dn2 moles of ultrafiltrate at 1 
atmosphere with the residue of ny — dn; + ne — dne moles at 1 
atmosphere. This last operation would restore the original solu- 
tion and thus complete the cycle. 

These considerations together with the universal rule that if 
any isothermal process is to occur with finite velocity it is neces- 
sary that the loss in free energy be greater than the net work 
gained (13) yield a relationship between the free energy expended 
on the system during ultrafiltration and so available for producing 
a change of composition and the free energy difference of mother 
liquor and ultrafiltrate, 


Oram! 


(6) AP(é,n; + f2n2) > In + nm. In 


where mn; and m2 are proportional to dn; and dne. 

Relation (6) gives a thermodynamic criterion to be applied to 
any mother liquor of known partial molal volumes and any fluid 
derived from it with which to judge whether the fluid satisfies 
the requirements of an ultrafiltrate. 

There is ample evidence that water and salts (5, 10, 16) like 
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water and sucrose do not pass through membrane pores with equal 
ease. The ultrafiltration of aqueous solutions of electrolytes is 
in this sense analogous to the ultrafiltration of sucrose solutions, 
Work must be done to concentrate water or salt or, similarly, 
water or sucrose in the ultrafiltrate. The following predictions, 
to be tested experimentally, can consequently be made from rela- 
tion (6) for ultrafiltrates of sucrose solutions and for ultrafiltrates 
of colloidal solutions containing electrolytes, on the view that elec- 
trolyte concentrations in the intermicellary fluid of a colloidal 
solution are the same as in a dialysate at equilibrium (22, 9). 

1. As the pressure of ultrafiltration is reduced, the composition 
of any ultrafiltrate formed from the sucrose solutions will approach 
the composition of the mother liquor; and with colloidal solutions, 
the composition of the ultrafiltrate will approach the composition 
of a dialysate at equilibrium with the mother liquor (the inter- 
micellary fluid). 

2. The higher the pressure the greater will the ultrafiltrate 
deviate from the mother liquor with sucrose solutions; and the 
greater will it deviate from the intermicellary fluid with colloidal 
solutions. 

3. The free energy expended (AF) will be greater than the free 
energy gained (AF»). 

4. Relation (6) suggests, because of the irreversibility of the 
process of ultrafiltration, that at an ultrafiltration pressure greater 
than zero the ultrafiltrate will have the same composition as the 
mother liquor or, for colloidal solutions, as the intermicellary fluid. 
However, the left- and right-hand members of the relation must 
be equal when AP equals 0 and AP and the right-hand member may 
vanish together. There is no thermodynamic approach to this 
problem; it must be answered as exactly as possible by experiment. 

The thermodynamic approach gives a measure of the efficiency 
of ultrafiltration in producing concentration changes. Efficiency 
in this sense will be defined as the percentage which the free energy 
gained in concentration change (AF») is of the free energy expended 
(AF;); or FE = AF./AF, X 100. 

The experimental work which follows has been planned to test 
the deductions made from thermodynamic theory. In the experi- 
ments with colloids, only the chloride of the solutions was analyzed 
quantitatively, so that calculation of free energy changes and of 
efficiency of ultrafiltration could not be made. 
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Material and Methods 


For the sucrose experiments aqueous sucrose solutions containing 
from 22 to 27 gm. of sucrose per 100 ce. of solution were used. 
The sucrose content of ultrafiltrate and mother liquor was deter- 
mined from the density of the solutions by reference to the den- 
sity table for sucrose solutions in the “International critical 
tables.” Density was determined by means of a specially de- 
signed pyknometer which permitted corrections for the tempera- 
ture of the solution and had a volume of 3.5 cc. Repeated deter- 
minations of the sucrose concentration of the same solution by 
this method gave a maximum error of 60 mg. of sucrose per 100 
ec. of solution. 

The calculation of the free energy change involved in equations 
(4) and (5) were all made per unit Volume of solution containing a 
total of 1 mole; z.e., the moles of water plus the moles of sucrose 
equaled 1. In the calculation of the water content of the samples, 
6 moles of water were considered bound to each mole of sucrose 
(11, 15, 17); ealeulations involving the concentration of water 
were consequently made in terms of free water. To calculate the 
free energy expended in ultrafiltration, the partial molal volumes 
of the water and sucrose can be found by the graphical method 
of intercepts (13) with the specific volume obtained from the den- 
sity table referred to above for sucrose solutions. The sum of the 
products of number of moles and partial molal volume is, however, 
equal to the volume of solution containing this number of moles 
(13); this method is considerably simpler than the preceding one. 
In the calculations below this method has been approximated by 
determining the volume of filtrate containing a total of 1 mole; 
this procedure introduces a numerical error of no importance. 
The volume so obtained multiplied by the pressure of ultrafiltra- 
tion gives AF; in cc.-atmospheres; the proper factor must be used 
for conversion into calories. In the calculation of the free energy 
changes due to concentration differences between mother liquor 
and ultrafiltrate, ratios of mole fractions were used instead of 
ratios of activities. There is evidence to suggest that this proce- 
dure introduces no serious error (11, 15, 17) when the differences 
of concentration are small as found here. 

Pure casein, for the experiments with colloidal solutions, was 
prepared by the method of Van Slyke and Baker (19). Approxi- 
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mately 70 gm. of this casein were dissolved in a liter of solution 
containing approximately 0.1 N NaCl and M/15 Soérensen primary 
and secondary phosphate in proportions to give pH 7.4. After 
solution of the casein the pH was readjusted to 7.4 with concen- 
trated KOH with phenol red as an indicator. On the basis of the 
value of the base-binding power of casein at this pH given by Cohn 
(3) the above solution had about 3 times the base-binding power of 
human serum. It had approximately the same chloride ion con- 
centration as serum. 

It proved difficult to prepare casein solutions of sufficient stabil- 
ity for dialysis experiments lasting for 2 or 3 days at a temperature 
of 25°. Thymol and merthiolate 1:10,000 were inadequate as 
antiseptics. The solutions as finally used were prepared by steril- 
izing all the constituents except the casein; to a liter of the cooled, 
sterile solution 0.02 gm. of phenylmercuric nitrate was added and 
then the casein. Care was taken never to have the solution more 
alkaline than pH 7.4 and it was kept at 0° except during an experi- 
ment. 

Gum arabic solutions were prepared either from the gum puri- 
fied according to the method used by Briggs (2) or, in later experi- 
ments, from the tears ‘‘A.’’ For those experiments at pH 7.4, 
the gum was added to M/15 Sérensen phosphate buffer containing 
NaCl at approximately 0.1 N and after solution of the gum the pH 
adjusted with phenol red as indicator. The same concentration of 
chloride was used in the experiments with gum arabic at pH 4 
(brom-phenol blue); in some of these solutions in the acid range 
mu /15 Sérensen phosphate was added, while in others the phosphate 
was omitted. All solutions were protected with phenylmercuric 
nitrate in the same concentration as used with casein. In the 
acid solutions 20 gm. of gum were dissolved per liter; in the al- 
kaline solutions the concentration of gum was 14 gm. per liter. 
These solutions had approximately the same base-binding power as 
human serum (2, 18). The solutions at pH 4 were not buffered. 

The Donnan ratio for each of the mother liquors used in ultra- 
filtration was obtained by dialysis. A part of the mother liquor 
was poured into two collodion sacks of different permeability and 
the sacks set into colloid-free solution of the same pH and elec- 
trolyte content as the mother liquor. The sacks were filled with 
colloidal solution and stoppered so as to leave an air bubble for 
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stirring. The fluids within and without the membranes were of 
approximately the same volume. The chloride concentration of 
the dialysates was determined at the end of 48 and 72 hours; 
agreement between these two analyses was taken as proof that 
equilibrium had been established. The distribution ratio was ex- 
pressed as the ratio of chloride in colloid-free to chloride in col- 
loidal solution, no correction being made for the volume of colloid. 
The equilibrium value for ultrafiltration was found from this 
distribution ratio and from the chloride content of the colloidal 
solution used for ultrafiltration. This procedure was used because 
of the small differences (3 to 20 mg. per 100 ec.) in chloride content 
of colloidal solutions used for ultrafiltration and dialysis due largely 
to dilution of the colloidal solution during dialysis by osmotic 
exchange of water. 

Ultrafiltrates and dialysates were tested for the presence of 
colloid and, in the case of its detection, discarded. The biuret 
test was used for the casein solutions. The ultrafiltrates and dialy- 
sates of the solutions of gum arabic at pH 4 and without phosphate 
were tested with the copper acetate method of Waters and Tuttle 
(20) adapted for use with 0.2 ec. of solution. By this test 0.3 
mg. of gum arabic per cc. can be detected but it cannot be used in 
the presence of phosphate. The permeability range of membranes 
impermeable to gum arabic was determined for phosphate-free 
solutions of arabic and membranes within this range used for 
solutions of arabic containing phosphate. 

Chloride determinations were made by the Wilson and Ball 
(21) modification of the Van Slyke method with 0.1503 n AgNOs, 
0.0133 n SCN, and a microburette calibrated in 0.01 ec. All 
solutions containing chloride were at a temperature of 0° when 
titrated. Solutions containing gum arabic were treated in the 
same way as those with casein; boiling the gum arabic solutions 
improved materially the titration end-point. With the concen- 
tration of chloride used here, results were reproducible to within 
+1 mg. per 100 ce. 

Membranes were prepared from a 5 per cent solution of Scher- 
ing’s celloidin made up in equal parts of ether and absolute alco- 
hol. Adair’s method (1) of pouring the membrane over the out- 
side of a rotating test-tube was used. Two coats of celloidin 
proved sufficient. The permeability of the membranes was con- 
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trolled by following the drying time and was tested by measuring 
the rate of flow of water through the membrane at room tempera- 
ture under a pressure of 0.8 atmosphere. Permeability was tested 
and the membranes used experimentally only after they had stood 
from 4 days to a week at 0° in salt solution to which phenylmercuric 
nitrate had been added as an antiseptic. This procedure provided 
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Fic. 1. Apparatus for ultrafiltration 


a membrane which maintained a steady permeability for the time 
of an experiment. Membranes were of a uniform diameter of 1.5 
em. Their permeability was consequently expressed in terms of 
ec. of water passing per minute through a cm. of length at 0.8 
atmosphere pressure. 

The apparatus used for ultrafiltration is shown diagrammat- 
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ically in Fig. 1 and is largely due to suggestions generously made 
by Dr. G. 8. Adair of the Physiological Laboratories, Cambridge. 
Its primary purposes were two: to provide for collection of ultra- 
filtrate without evaporation and to permit stirring of the mother 
liquor during the period of ultrafiltration. Evaporation was 
avoided by forcing the ultrafiltrate from outside to inside of the 
membrane, in the opposite direction to that generally used; and 
connecting the membrane through air-tight joints with the col- 
lecting vial. The ultrafiltration chamber was shaken on a wooden 
block as shown in Fig. 1. Glass rods suspended from a paraffined 
cork float and paraffined rubber balls were used for stirring. 

All but a few additional details of the apparatus are made clear 
by the diagram. A glass leveling bulb of 600 cc. capacity was 
used as the ultrafiltration chamber. Membranes were mounted 
on celluloid collars and the joint between this collar and the neck 
of the leveling bulb made by means of a piece of rubber tubing cho- 
sen to give a close fit. This joint was secured by wiring it tightly 
into place. The dead space of the membrane was minimized by 
filling it with beads or, preferably, with a spiraled bakelite core 
which is inert if previously boiled with several changes of distilled 
water. Pressure tubing reinforced by wrapping wire about it was 
used in making joints from glass to glass. 

The experiments were conducted in a room maintained at con- 
stant temperature to within +0.2°. 


Results 


Control experiments were designed to test the efficiency of stir- 
ring, the constancy of permeability of membrane, and of composi- 
tion of mother liquor throughout an experiment, and the amount 
of ultrafiltrate necessary to wash out thoroughly the dead space 
of the membrane. Experiment 6, a of Table I and Experiment 14 
of Table II show the constancy of composition, within the experi- 
mental error, of successive samples of ultrafiltrate taken at the 
same pressure. The dead space of the membrane with the bake- 
lite core was about 0.8 ce. 5 cc. of ultrafiltrate at a given pressure 
were adequate to wash out thoroughly the ultrafiltrate, from a 
different pressure, filling the dead space. This was demonstrated 
by comparing the composition of two samples of ultrafiltrate of 
the same pressure taken before and after ultrafiltration at a differ- 


a 


3 
‘ 
ie 
4 
3 
= 
<A 
tx 
~ 
Sy 
tay 
es 


‘ 


| 
| 
| 


624 Thermodynamics of Ultrafiltration 


ent pressure. Two samples collected in this way agreed within 
the experimental error. ‘This is demonstrated by Experiment 7 
in Table I and Experiment 24 in Table II. 

Further experiments with sucrose were planned to study the 
effect of pressure and membrane permeability upon the difference 
between the free energy content of mother liquor and ultrafiltrate, 
to measure the efficiency of the method of ultrafiltration in terms 


TABLE I 


Typical experiments to show the constancy of successive samples of 
ultrafiltrate (Experiment 6, a); the identity of two samples of ultrafiltrate 
obtained at the same pressure with ultrafiltration at a different pressure 
intervening (Experiment 7); and the effect of membrane permeability and 
pressure on efficiency and on the difference of free energy content of ultra- 
filtrate and mother liquor (Experiments 30 and 31). 


| liquor filtrate 
per cm, atmospheres cent | per cent calories | calories per cent 
6,a | 0.003 | 3.50 | 25.48 | 23.15 | 2.0 | 0.15 | 75 
| | 23.10 | 
| 23.12 | 
7 0.013 | 3.50 | 25.56 | 24.71 | 2.0 | 0.038 | 1.5 
1.87 | 26.18 14° | OM 0.9 
3.50 24.70 | 2.0 | 0.03 1.5 
30 0.005 3.50 3.35 | 12 | 6.8 4.2 
| 0.88 | 21.75 | 0.5 | 0.02 | 4.0 
31 0.048 3.50 | 23.06 | 22.50 | 2.0 | 0.02 1.0 
0.88 23.066 | 0.5 | 0.0 0.0 


* AF, is free energy expended per total moles equal to 1; AF» is free 
energy gained in concentration change per total moles equal to 1. T = 
25.0° + 0.2°. 


of free energy change, and to test the theoretical considerations 
set forth above. Experiments 30 and 31 of Table I are examples 
of these experiments. They are typical and without experimental 
contradiction in that they show a decrease in free energy change 
with decrease in pressure; the deviation of the ultrafiltrate from 
the mother liquor is smaller, the smaller the ultrafiltration pres- 
sure. They are also typical in showing a greater change in free 
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TABLE II 


Typical experiments to show the constancy of successive samples of 
ultrafiltrate (Experiment 14); the identity of two samples of ultrafiltrate 
obtained at the same pressure with ultrafiltration at a different pressure 
intervening (Experiment 24) and the effects of membrane permeability, 
pressure and pH on the deviations of ultrafiltrates from the Donnan equi- 
librium value. The equilibrium distribution ratio, r, obtained from 
dialysis is the ratio of the chloride concentration of colloid-free to colloidal 
mnaand the latter ae uncorrected for the volume of colloid. 


| Concentration in Deviation 
Experi- | | mother liquor of | Clin of Cl of 
ment | pH | r filtration ultra- | 
No. | | | ‘pressure filtrate | ‘Tate from 
bility | Casein | Gu um gy equilib- 

| | | num 


per gm. per mg. per om. Ha | Per mg. per 
cc. 100 ce. | 100 ce. | 100cc. | 100 ce. 


358 | 7.4 | 1.128| 100 | 417 | +15 
| | | | 100 | 417 | +15 
100 418 16 
| | | | | | 100 417 | +15 

24 «= 0.005 2.0 | 412 | 4.0 | 1.0388 | 227 401 | —26 
: | 106 | 413 | —-14 


7 


14* 0. 008 


227 | 399 | — 28 
16* | 0.019; 7 | 362 | 7.411.126; 227 | 416 | +8 
| | ' 1.123; 140 | 413 | +6 


18* (0.010) 7 | 350 | 7.4 | 1.130 


25* | 0.005 | | 1.4 | 388 | 7.4 | 1.023 


27* | 0.018 1.4 | 379 | 7.4 | 1.027| 224 | 395 | +6 


28* | 0.005. | 2.0 | 415 | 4.0 | 1.034 


19 0.002 | | 2.0 | 350 | 4.0 


4.0) 


| | | 
22. =|: 0.020 | 
| | | | 
| : | | 17 402 | +2 


j 


—" 
— 


| 


* Experiments made with solutions containing M/15 Sérensen phesphate. 


| 
40 407 +0 
: 1.128| 140 | 416 | +21 

227 422 +27 
| 140 | 416 | +19 
| 22. 22 
| | 2 | 391 +2 
| | 1.036 114 | 410  —20 
| | | 35 | 426 inl 
| 
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energy at a given pressure with a membrane of low permeability 
than with a membrane of higher permeability. Thus at 3.5 atmos- 
pheres (all pressures are the gage pressures AP), the fluid ultra- 
filtered through membrane 0.005 showed a free energy change of 
0.08 calorie per total moles of one and that ultrafiltered through 
membrane 0.048, a free energy change of only 0.02 calorie. At 
0.88 atmosphere, the ultrafiltrate of membrane 0.005 had a free 
energy content 0.02 calorie greater than the mother liquor, whereas 
the ultrafiltrate of membrane 0.048 was identical with the mother 
liquor. Experiments 6, a and 7 show a result of the same kind. 

The efficiency of ultrafiltration was greater the less permeable 
the membrane. In no instance was an efficiency greater than 
7.5 per cent observed and this was with membrane 0.003. Mem- 
branes of lower permeability than this were not used because of the 
extremely slow rate of ultrafiltration, at the pressures used here, 
with the more impermeable membranes. 

In the experiments with colloidal solutions the equilibrium dis- 
tribution ratio of chloride, r of Table II, only rarely varied between 
two dialysis experiments to a greater degree than in the illustrative 
experiments chosen for Table II. With the concentrations of 
chloride used here this small variation fixed the calculated Donnan 
equilibrium value of chloride in the ultrafiltrates to within no more 
than +0.5 mg. of chloride per 100 ce. 

At pH 7.4 the experiments with casein (Experiments 14, 16, 
and 18, Table II) and with gum arabic (Experiments 25 and 27) 
were invariable in showing that the chloride of the ultrafiltrates 
at the highest pressure used exceeded the Donnan equilibrium 
value. The results of these experiments are typical of many in 
that the deviation from this value was greater at a given pressure 
the more impermeable the membrane. In a few experiments 
this finding was obscured when a comparison was made of ultra- 
filtrates of membranes differing but little in permeability. The 
experiments at pH 7.4 also showed without exception that, with 
reduction of pressure, the chloride of the ultrafiltrate approached 
the Donnan equilibrium value. In Experiment 16, Table I], 
using a membrane of permeability 0.019 with a casein solution, 
this value was reached at 40 cm. of Hg pressure; in Experiment 27, 
using membrane 0.018 and gum arabic, the Donnan equilib- 
rium value appeared at a pressure of 112 em. of Hg and was 
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unaffected by further reduction of the pressure. In experiments 
(Nos. 18 and 25) with less permeable membranes the Donnan 


equilibrium value was still exceeded at 50 and 56 em. of Hg 


and to a degree equal to or in excess of that found with the 
more permeable membranes (Experiments 16 and 27) at a 
pressure of around 220 cm. of Hg. 

At pH 4 in solutions of gum arabic with and without m/15 
phosphate, the chloride of the ultrafiltrates at the highest pressure 
used always was below the equilibrium value, in contrast to the 
excess chloride found in the alkaline solutions. Again, at a given 
pressure, the deviation from the Donnan equilibrium value was 
greater the more impermeable the membrane (I:xperiments 24, 
28,19, and 22, Table II). Thus in Experiment 19, when membrane 
0.002 and a pressure of 236 em. of Hg were used the ultrafiltrate 
contained 55 mg. of chloride per 100 ce. less than the Donnan 
equilibrium value; whereas in Experiment 22 with membrane 0.02 
and practically the same pressure the chloride deficiency was 
only 7 mg. per 100 cc. The experiments at pH 4 also showed 
invariably that the chloride of the ultrafiltrate approached the 
Donnan equilibrium value with reduction of pressure. With 
the permeable membrane of Experiment 22, the Donnan equilib- 
rium value was reached at 77 em. of Hg and was unaffected by 


further reduction of pressure. 


DISCUSSION 


The theory of ultrafiltration through collodion membranes for 
solutions of crystalloid non-electrolytes in water as developed up 
to the present depends upon two fundamental concepts. In the 
first of these, due largely to Duclaux and Errera (4), ultrafiltration 
is considered as a process of filtration through pores in the mem- 
brane. The second, advanced by McBain and Jenkins (14) and 
elaborated by Grollman (10), is coneerned with the variation 
among pore sizes in a single membrane, the osmotic pressure of 
the dissolved crystalloid, and the variation in composition of the 
ultrafiltrate with pressure as determined by these two factors. 
These concepts have the great advantages which go with an ap- 
parently exact kinetic picture. They do not, however, give a 
basis for the quantitative analysis of energy changes taking place 
in ultrafiltration nor do they furnish a satisfactory criterion for 
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judging whether two fluids separated by a cellular membrane, as 
is to be found in the living organism, may stand in the relation- 
ship of mother liquor to ultrafiltrate. 

The first and second laws of thermodynamics offer a solution of 
these last two problems. It is possible to calculate the free energy 
expended on a system during ultrafiltration and available for pro- 
ducing a composition change in the filtrate. It is also possible 
to calculate the free energy necessary to account for concentration 
differences between mother liquor and ultrafiltrate. The rela- 
tionship between these two quantities, as set out in relation (6) 
above becomes the free energy relation for ultrafiltration and pro- 
vides the necessary criterion for deciding whether the composition 
of a particular fluid satisfies the requirements of an ultrafiltrate. 
It must be emphasized that final calculation of the energy neces- 
sary for formation of a body fluid must include not only its chemi- 
eal composition but its rate of formation as well (7). 

The experimental data substantiated the deductions made from 
the thermodynamic relation. As zero pressure of ultrafiltration 
was approached, the composition of the ultrafiltrate approached 
the composition of the mother liquor and the higher the pressure 
the more these two fluids deviated from one another. ‘These are 
deductions equally well made for sucrose solutions from the pore 
theory. The loss in free energy (AF) was far in excess of the free 
energy gained (AF;). Finally, with membranes of moderate per- 
meability, it was possible to show at a pressure greater than zero 
that the ultrafiltrate was, within the experimental error, identical 
with the mother liquor or, in the case of colloids, with the inter- 
micellary fluid; the extremely low rate of ultrafiltration at low 
pressure with the more impermeable membranes precluded this 
demonstration. Neither these data nor those from the ultrafil- 
tration of simple electrolyte solutions are in complete agreement 
with predictions made from Fick’s diffusion law (12). 

The first experimental evidence on ultrafiltration from colloidal 
solutions interpreted in terms of the Donnan equilibrium was pre- 
sented by Greenberg and Gunther (9) and Greenberg and Green- 
berg (8). The latter stated that the data from ultrafiltration of 
colloidal solutions “strongly favor the view that this type of ultra- 
filtration partakes of the nature of a Donnan membrane dis- 
tribution.”’ Ultrafiltration of colloidal solutions containing 
electrolytes appears to be no different in principle than ultra- 
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filtration of simple electrolyte solutions. In the colloidal solution 
the intermicellary fluid, which is ultrafiltered, is simply to be 
regarded as having the same composition as a dialysate at equi- 
librium; and the pressure of ultrafiltration can produce concentra- 
tion changes in this fluid just as occurs with “ultrafiltration” of a 
simple electrolyte solution. A more exact general statement would 
seem to be that the ultrafiltrate of a colloidal solution is equivalent 
in composition to a dialysate at equilibrium only at a sufficiently 
low pressure and with a sufficiently permeable membrane. 

The theory and data presented above find their chief bioiogical 
interest in whatever contribution they may make to the under- 
standing of the energetics of ultrafiltration of non-electrolytes and 
electrolytes, and to the criterion which they provide for deciding 
whether the distribution of these substances between plasma and 
body fluid can be adequately explained by the process of ultrafil- 
tration. The use of this criterion to find the relationship between 
body fluids and capillary blood plasma of known composition and 
at a known pressure is not difficult. The first step is to determine 
the free energy available from capillary pressure. This can be 
done without important error by finding the product of capillary 
pressure, the proper factor for conversion into calories, and the 
volume of body fluid, derived from the blood, containing for ex- 
ample 1 kilo of free water (AF; above). The second step is to 
calculate the free energy necessary to account for the distribution 
of substances between a kilo of ultrafiltrate and the plasma (AF, 
above), the right-hand member of relation (6) being used for each 
of the molecular and ionic species present. If the distribution of 
substances is to be as in an ultrafiltrate, AP; > AF, If AF» is 
greater than AF), ultrafiltration does not adequately explain the 
mechanism of formation of the body fluid (6). 

It is to be noted that the mother liquor was contantly stirred 
in the experiments above. As has been shown by Erschler (5), 
this is a procedure of importance. 


SUMMARY 


Ultrafiltration has been analyzed thermodynamically and the 
free energy changes taking place during ultrafiltration described 
by a relation involving the partial molal volumes of substances 
in the mother liquor, the pressure of ultrafiltration, and the activi- 
ties of substances present in mother liquor and ultrafiltrate. 
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It has been shown that the theoretical deductions made from 
this relation can be verified experimentally with sucrose solutions 
and, as far as the data permit, with colloidal solutions. 

It has also been shown that this equation provides a criterion 
easy of application with which to decide whether the components of 
a body fluid meet the requirements of an ultrafiltrate of the blood 


plasma. 
An ultrafiltrate of a colloidal solution has the same composition 


as a dialysate at equilibrium with the colloidal solution only overa 
low and very limited pressure range determined by the _per- 
meability of the membrane and perhaps too by the nature of the 


colloidal solution. 

Thermodynamic theory plus the experimental findings supports 
the view that the intermicellary fluid of a colloidal solution has 
the same composition as a dialysate in equilibrium with the col- 


loidal solution. 
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A VOLUMETRIC METHOD FOR DETERMINATION OF 
POTASSIUM IN BIOLOGICAL MATERIALS 


By HAROLD E. HARRISON anp DANIEL C. DARROW 


(From the Department of Pediatrics, Yale University School of Medicine, 
New Haven) 


(Received for publication, August 21, 1937) 


During the past 3 years we have carried out analyses of tissues 
for potassium in this laboratory using the separation by chloro- 
platinic acid. For 1 year potassium has been estimated by a 
Volhard titration of the chlorine in K,PtCls separated by the usual 
procedure. Because the method seems more accurate and con- 
venient than previous titrimetric methods, a description is 
warranted. 


Solultons— 
Solution of chloroplatinic acid in 1 N HCl. 26.5 gm. of chloro- 


platinic acid (H2PtCl.-6H2O) dissolved in 100 ml. of 1 HCL. 

Acid 80 per cent ethyl alcohol saturated with Ke.PtCly. Add 
-asmall amount of to 15 ml. of approximately 1 N HNQs. 
Shake for a few minutes until no more K.PtCl. dissolves. Add 
80 ml. of stock 95 per cent alechol. Filter just before using. 

15 per cent solution of NaHSQs3. 

0.05 n AgNO; in concentrated HNQOs. 

0.02 n NH,SCN. 

Ground ferric alum. 

Procedure 

Most biological material will require a preliminary removal of 
phosphate from the ash. To a suitable amount of ash which is 
dissolved in water or dilute HCl add sufficient chloroplatinic acid 
to combine with all the K and Na. Evaporate until the salts 
separate out but still look moist on cooling. Add a small amount 
of 80 per cent acid alcohol and filter,' using preferably an automatic 

1 The alcoholic solutions are so difficult to pour that some form of auto- 
matic transfer is almost essential. Fritted glass filters may be used but 
asbestos filters made as recommended by Pregl are more rapid and give 
equally satisfactory results. 
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transfer by suction as recommended by Pregl (1). Wash in the 
usual fashion until the filtrate is free of chloride. The separated 
KePtCle is now dissolved with small amounts of hot water. 

To a suitable aliquot of the solution of KePtCl., add 0.4 to 0.5 ml. 
of 15 per cent NaHSO;. Boil for 1 minute. Add 3 ml. of 
0.05 n AgNO; (a smaller amount of AgNO; should be used when 
very small amounts of K are being determined) and then 2 to 4 
drops of 30 per cent H.O2. Boil, cool in ice water, and titrate by 
the usual Volhard technique. 

The titration of chloride should be carried out on 0.004 to 
0.04 mm of K (0.156 to 1.56 mg. of K).2. The end-point of the ti- 
tration is best when the volume of solution does not exceed 10 ml. 


Calculation 


0.02 . 
mm K = (7.344 — 


where z = ml. of 0.02 nN NH,SCN used. 


Accuracy 


Known mixtures of KCl and NaCl varying from 0.004 to 
0.15 mm of KCl in the presence of 0.15 mm of NaCl give theoretical 
results within 1 per cent. Since the sensitivity of the Volhard 
end-point is not greater than 0.02 ml. of 0.02 N NH,SCN, this 
accuracy is all that can be expected. 

To test the method of precipitation of chlorine further, gravi- 
metrie estimations of AgCl formed from Ke2PtCls isolated from 
known amounts of KCl were carried out. Reduction of the 
K.PtCls was carried out by boiling in the presence of NaHSQs. 
With 29.82 mg. of KCl, the AgCl weighed 171.7 mg. (theoretical 
172); with 18.64 mg. of KCl, 108.0 mg. (theoretical 107.5 mg.). 
Other analyses were of similar accuracy. Apparently the chlo- 
ride can be precipitated quantitatively after reduction of K.PtCls 
with NaHSQOs. 

The reproducibility of the results on biological material is indi- 


2 The lower limit of accuracy of the titration is equivalent to the potas- 
sium content of 1 cc. of blood serum, while the upper limit is equivalent to 
the potassium content of 400 mg. of fresh muscle. If larger quantities are 
to be determined, an aliquot of the K.PtCl, solution must be taken. 
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cated by analyses of twenty-five samples of muscle. Two samples 
were ashed and aliquots were used for estimation of potassium 
after removal of the phosphate. The average difference between 
the results was 1.6 + 1.2 per cent of the amount determined 
where +1.2 is the standard deviation of the difference. For 
comparison, the same calculation was made on duplicate analyses 
of the same material for nitrogen by the Kjeldahl method. The 
average difference for nitrogen was 1.5 + 0.8 per cent of the 
amount determined. Since the Kjeldahl method is subject to few 
errors of manipulation, the results obtained for potassium may be 
considered satisfactory for the material used. The greater scat- 
tering in the case of the determination of potassium is probably 
more dependent on the many manipulations than on any inherent 
difficulty in separating K,PtCl, or titrating the chloride. 


Comment 


In the titration of chloride formed from K,PtCle by reduction 
with NaHSO; definite limitations are found with the Volhard 
technique. Removal of AgCl does not do away with these limita- 
tions. Theoretical results are obtained with the Volhard titration 
if no more than 3 ml. of 0.05 N AgNO; are used. If larger amounts 
of AgNO are required, the results are apt to be low by 2 to 5 per 
cent. Such low results apparently occur owing to some inter- 
ference with the end-point induced by platinum in solution. The 
end-point fades rapidly when one attempts to titrate large amounts 
of K,PtCls and one goes past the end-point, obtaining a low 
figure for chloride. Adding H.O2 as recommended in the method 
gives more nearly correct values. With the smaller amounts of 
K;PtCls recommended, theoretical results are obtained with a 
very sharp end-point. 

Sodium bisulfite reduces chloroplatinic to chloroplatinous acid 
and not to platinum. The solution of K2:PtCls becomes colorless 
on boiling with NaHSO; and on addition of AgNO; gives a white 
precipitate of AgCl. If reduction is not complete, the precipitate 
shows a yellowish discoloration. Hydrogen peroxide also reduces 
chloroplatinic to chloroplatinous acid. However (in our hands), 
hydrogen peroxide could not be used alone. 

Bullock and Kirk (2) have reported a microvolumetric method 
for potassium in which the separated K:,PtCl, is reduced with 
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powdered magnesium, filtered, and the chloride estimated by 
direct titration with AgNQOs, with dichlorofluorescein as an indi- 
eator. In our hands the use of agents which reduced KePtCl, to 
platinum (Zn, Mg, and formic acid) gave low results when the 
chloride is estimated by the Volhard titration. 

The separation of K,PtCls cannot be carried out quantitatively 
with large amounts of phosphate in the solution. Phosphates 
form a gummy precipitate on addition of alcohol and washing 
the precipitate of K.PtCl, is almost impossible. A small amount 
of phosphate does not interfere. Removal of phosphate with 
powdered Ca(OH): is satisfactory when the ash is dissolved in 
little or no HCl. With large amounts of acid, considerable cal- 
cium is left in solution and CaSO, may precipitate out in the alco- 
hol in such large quantities as to make quantitative washing of the 
precipitate impossible. Owing to the sulfur of organic material, 
this difficulty arises even when no H2SQ, is added. 

Acid is added to the alcohol in order to increase the accuracy of 
the sodium determination on the filtrate, by Hald’s method (8). 
With neutral 80 per cent alcohol low values for Na are sometimes 
obtained, although the determinations of potassium are accurate. 
An additional advantage of acid alcohol is that the saturated 
solution of K.PtCl, keeps for at least 5 to 6 weeks, while, in 
neutral aleohol, K,PtCl, is rapidly reduced to platinum. 

Before the present technique was adopted, the conditions for ob- 
taining theoretical results by the Shohl and Bennett (4) titration 
were examined. It was found that the concentration of KI, the 
acidity, the time of heating, the temperature of heating, and the 
rapidity with which the titration is carried out must all be rigidly 
controlled. With a rigid technique, theoretical results may be 
obtained on known solutions, but in practise many irregular 
results are encountered when variable amounts of K are estimated. 
Even if these difficulties can be entirely overcome, the superiority 
of the end-point of the Volhard titration makes it the method 
of choice. 


SUMMARY 


A method for quantitatively estimating potassium by the Vol- 
hard titration of chlorine freed from K,PtCl. is described. The 
usual separation of potassium by chloroplatinic acid is utilized. 
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By reduction with NaHSO; the chlorine is made available for 
precipitation with AgNO;. The method is applicable to the 
titration of 0.004 to 0.04 mM of Ix and is accurate within 1 per cent 
on theoretical solutions. 
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ACCURACY IN THE MEASUREMENT OF THE ACTIVITY 
OF TOBACCO MOSAIC VIRUS PROTEIN 


By HUBERT 8. LORING 


(From the Department of Animal and Plant Pathology of The Rockefeller 
Institule for Medical Research, Princeton) 


(Received for publication, September 18, 1937) 


The Holmes local lesion method for the measurement of tobacco 
mosaic virus concentration (1), as modified by Samuel and Bald (2) 
for the use of half leaves, has been found particularly useful for 
the comparison of the relative activities of different samples of 
crystalline tobacco mosaic virus protein (3, 4) and for the com- 
parison of aucuba and tobacco mosaic virus proteins (5). It has 
been customary to evaluate the results of such experiments statis- 
tically by Student’s method by expressing the differences in lesion 
counts in terms of the ratios of the mean differences to their 
standard errors or of ¢t values (6). When ¢ values corresponding to 
odds of 20:1 or greater are obtained for the same concentration of 
different samples of virus protein, the samples of protein have been 
considered to differ significantly in virus activity. Few data are 
available, however, to evaluate significant differences in terms of 
actual differences in the activities of the samples, or when the dif- 
ferences fail to prove significant to determine the accuracy of the 
results. Beale (7), in comparing solutions of known differences in 
virus concentration, showed that the method of half leaf units 
could be relied on to distinguish between extracts differing by 
50 per cent in concentration when from nine to sixteen Nicotiana 
glutinosa, L., plants were inoculated. These results suggest that 
significant differences under these conditions indicate differences 
of at least 50 per cent in virus concentration or relative virus 
activity, and that samples which fail to give significant differences 
in lesion counts can still differ in concentration by about 50 
per cent. 

It has been shown that samples of virus protein isolated by 
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different procedures and subjected to various types of chemical] 
treatment possess different relative activities (4, 5). It would be 
of value in comparing such samples to know the conditions under 
which differences in relative activity of less than 50 per cent could 
be detected by this method, and to establish more definitely the 
accuracy of the results obtained in the usual test when about 
forty half leaves are used. This paper presents the results of 
experiments in which these problems have been studied by com- 
paring the activities of solutions which differed from 5 to 50 per 
cent in the concentration of the same preparation of crystalline 
tobacco mosaic virus protein. 


Materials and Methods 


The crystalline virus protein preparations used in the first. 
experiments were prepared by chemical treatment (4). Care was 
taken to avoid the repeated use of celite and exposure to strong 
ammonium sulfate at room temperature, as these types of treat- 
ment are known to result in erystalline preparations of somewhat 
low activity. In the later experiments virus protein was prepared 
in the quantity ultracentrifuge according to the method used by 
Wyckoff, Biscoe, and Stanley (8). The crystalline pellets obtained 
by centrifugation of the diseased juice in a field of about 60,000 
times gravity were redissolved in 0.1 M phosphate buffer at pH 7, 
centrifuged at low speed to remove colloidal and aggregated pro- 
tein, and again ultracentrifuged. ‘The sedimented pellets were 
redissolved in enough phosphate buffer to make about a 0.5 per 
cent solution and the protein concentration was accurately deter- 
mined by Kjeldahl analysis. The solutions used for inoculating 
were prepared by the dilution of the more concentrated solutions 
with 0.1 m phosphate buffer at pH 7. 

Both Nicotiana glutinosa and Phaseolus vulgaris, L., var. Early 
Golden Cluster were used as test plants. The latter have been 
shown by Price (9) to be particularly advantageous for measuring 
virus concentration because they give a local lesion response and 
are easily and quickly obtained in large numbers. Early Golden 
Cluster bean plants suitable for inoculation may be grown in 
from 8 to 12 days, whereas Nicotiana glutinosa requires from 2 to3 
months. For these reasons the bean plants were used in the 
majority of the tests. All the plants in one test were selected for 


uniformity in the size and the stage of development of the leaves: 
Sterile pads of bandage gauze about’? inch x 1? inches, well 
moistened with the test solution, were used, and the leaf surface 
was rubbed twice. ‘To eliminate any effect due to differences in 
the inoculation of the right anid left halves of the leaves, each 
solution was rubbed on am equal number of right and left’ half 
leaves. The time interval between the inoculation of the two 
solutions would be appreciable when as many as_forty. or 50 half 
leaves were used, if one solution was first inoculated on all the 
leaves. To reduce the effect which might result from this, the 
plants in every test were divided into two groups. The order of 
inoculation used for the first group was then reversed for the 
second. The leaves in one group were, therefore, rubbed on the 
right halves with the first solution and then on the left. halves 
with the second solution, while in the second group the leaves 
were rubbed on the right halves with the second solution and then 
on the left halves with the first. Care was taken to rub both 
halves of each leaf as uniformly as possible. The tests were 
carried out over a period of about a year and each test or group 
of two tests was usually made with a different virus protein 
preparation. 

The results were treated statistically by Student’s method (6) 
on the basis of half leaf units. In this way the mean difference and 
the standard error of the mean difference were obtained for each 
test. The ratio of the mean difference to the standard error was 
calculated and the odds for significance were determined from 
Fisher’s table of ¢ (6). . 


EXPERIMENTAL 


As shown by Stanley (3), solutions of virus protein over a range 
of concentration of from 10-* to 10-® gm. per ec. cause local lesions 
on both Phaseolus vulgaris and Nicotiana glutinosa. The number 
of lesions per leaf approaches a maximum at the higher concentra- 
tions, decreases as the concentration is lowered, and _ finally 
approaches 0 at about 10~-° gm. per ce. It was desirable in com- 
paring solutions which differed only slightly in concentration to 
find the most favorable point over this range at which to make the 
comparison. This should be the point at which the most signifi- 
cant difference in lesion counts is obtained with a given percentage 
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difference in virus concentration. Since the standard error of the 
mean difference is used as a measure of the significance of the 
results, the desired level of concentration will correspond with 


TABLE I 


Comparison of Differences in Lesion Counts Caused by Same Percentage 
Difference in Virus Protein Concentration over a Range of from 
10-* to 10-4 Gm. per Ce. 


Phaseolus vulgaris 
glutinosa 
Chreimateiaten Experiment 1 Experiment 2 Experiment 3 
gm. protein 
‘ Ave Average Average Ave 
er No. o No. o No. of No. o 
per ha per ha per per half 
leaf* leaf leaf leaf 
196.7 97 .6 121.3 171.4 


8 X 10-° 187.7 | 0.5 | 95.3 0.4 | 107.8 | 2.1 | 133.0 | 3.6 


10-8 136.0 65.1 107.4 
8x 10-* | 105.7 | 3.1 | 63.6 | 0.4! 96.0 | 1.7] 90.0 | 1.3 


35.7 31.7 41.8 | 31.4 
8 1077 95.0 | 3.8 15.8 | 3.9 25.112.61210 145 


10-7 10.8 


4. 
8 xX 10-5 11.4 | 0.5 4. 0.3 10.6 | 0.6 0.2 


10-8 1.2 1.8 0.68 

8 x 10-9 1.0 | 0.6 1.9 | 0.4 0.23 | 1.8 
107° 1.0 0.14 

8 10719 ‘oie 


* The averages in Experiment 1 are based on from twenty to twenty-four 
half leaves and those in the other experiments on from thirty-six to 52 
half leaves for each comparison. 

+ The value of t indicates the ratio of the mean difference in lesion counts 
to the standard error of the mean difference. For the numbers of half 
leaves used, values of t of 2.1 give odds of at least 20:1 for significance. 


that at which the ratio of the mean difference to the standard 
error is largest. This was determined by comparing pairs of 
solutions which differed by 20 per cent over a range of concentra- 
tion of from 10~-* to 10~* gm. of virus protein perec. A difference 
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of 20 per cent in virus concentration was used, because in several 
preliminary experiments this difference gave a significant differ- 
ence in lesion counts. The results of several experiments on 
Phaseolus vulgaris and of one on Nicotiana glutinosa are sum- 
marized in Table I. The results were evaluated by calculating 
the ratio of the mean difference for each test to its standard error 
and the values shown were obtained. It may be seen that the 
largest ratios, and therefore the greatest odds for significance, were 


TaBLe II 


Comparison of Solutions Which Differ by 5 Per Cent in Concentration of 
Virus Protein 


Concentration, gm. protein per cc. 


10-6 9.5 10-7 | 10° 9.5 X 10-7 
Preparation 1 | Preparation 2 

Average No. of lesions | | 

per half leaf*....... 36.9 | 33.7 | 28.2 29 .3 
Average No. of lesions | | 

per half leaf........ | 17.8 
Average No. of lesions — | 

Average No. of lesions ! | | 

per half leaf........ | 20.1 | 24.1 | 23 .6 24.6 


* The averages are based on from thirty-four to forty-two half leaves 


of Phaseolus vulgaris. 
t See Table T. 


obtained at a virus protein concentration of about 10~* gm. per ce. 
At concentrations greater than 10~-* gm. per cc., significant dif- 
ferences were obtained in only a few of the tests. At concentra- 
tions less than 10~* gm. per cc., the difference in lesion counts 
always failed to prove significant. 

Amounts of virus protein of from 10~° to 10-* gm. per ce. were, 
therefore, chosen for the comparison of the activities of solutions 
which differed in concentration. The comparisons with a par- 

ticular sample of virus protein were usually made at two different 
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concentrations. The control solutions were made to contain 
either 10-5, 5 & 10-*, or 10~-* gm. of virus protein per cc., while 


TABLE III 


Comparison of Solutions Which Differ by 10 Per Cent in Concentration of 
Virus Protein 


Concentration, gm. protein per ce, 
ios | 108 | 


Test plant 


Average No. of le- Phaseolus 39.1 39.9 | 24.2 | 26.4 | 27.7 | 20.3 


sions per half leaft vulgaris 
tt 0.3 | | 0.6 | a 
Average No. of le- a 81.9 70.3 70.4 64.5 | 28.4 | 20.4 
sions per half leaf | 
t | 2.6 | 


Average No. of le- sf . 31.5) 31.1 | 27.7 | 26.6 | 27.1 | 22.5 
sions per half leaf | | | | 

0.2 

Average No. of le- ee. 34.1! 34.7 | 25.1 | 27.6 | 25.2 | 23.5 
sions per half leaf | | | 

0.2 «12.0 

Average No. of le- 114,4/119.2 | 71.1 | 75.0 | 30.4 | 20.8 
sions per halfleaf | | | 


on 
ho 


t 0.6 | 0.9 | | 6.3 

Average No. of le- Nicotiana 27.9 23.6 | 22.0 | 20.7 | 4.2; 3.5 
sionsperhalfleaf glutinosa | | 

t | 2.7 | 0.5 

Average No. of le-| “ “ | | 29.7 | 27.3 
sions per half leaf | | | | 


Average No. of le-| “ | 34.3| 32.4 24.3) 22.1| 3.9] 2.9 
sions per halfleaf | | | | 
t | 0.9 | 


* The results in this column with the exception of those on Nicotiana 
glutinosa were obtained with the same preparation of virus protein. 
+ The averages are based on from forty to 52 half leaves for each 


comparison. 
t See Table I. 


the test solutions were diluted to contain 5, 10, 20, 30, or 50 per 
cent less than the controls. 

The results obtained for the comparison of the activity of solu- 
tions which differed by 5, 10, 20, 30, and 50 per cent in virus 
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protein concentration are summarized in Tables Il to V. The 
average number of lesions obtained for each solution in each test 
and the ratio of the mean difference to the standard error in each 
ease were calculated. As shown in Table II, the solutions which 
contained 5 per cent less virus protein than their controls failed 


TABLE IV 


Comparison of Solutions Which Differ by 20 Per Cent in Concentration of 
Virus Protein 


| Concentration, gm. protein per cc. 
| os tos | 
Average No. of le- | Phaseolus | 58.0 | 37.7 | 
sions per halfleaf* | vulgaris | | 
tt | 5.2 | 
Average No. of le- es Vs 55.1 | 43.5 | 21.9 | 17.5 | | 
sions per half leaf | | | 
t | 3.6 2.1 | | 
Average No. of le- - ‘“ | 78.1 | 68.6 | 47.6 | 36.7 | | 
sions per half leaf | 
t | 2.0 3.4 
Average No. of le- “ 47.8 | 26.9 
sions per half leaf | 
Average No. of le- 51.5 | 48.8 | 42.9 38.9. | 
sions per half leaf ees 
| 0.9 1.4 
Average No. of le- | Nicotiana | 32.6 | 25.7 
sions per half leaf glutinosa | 
t | | | 3.8 
Average No. of le- 1980 | | 42.5 30.0 
sions per half leaf | | | | | 
t | | | 2.2 | | | 5.5 


*The averages are based on from thirty-six to 56 half leaves for 


each comparison. 
t See Table I. 


in the majority of cases to cause a significant difference in lesion 
counts. As shown in Table III, however, those which contained 
10 per cent less virus protein than their controls caused a signifi- 
cant difference in lesion counts when tested on Phaseolus vulgaris 
at a concentration of 10-* gm. per cc., but usually failed to do so at 
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higher concentrations or when tested on Nicotiana glutinosa. 
Those solutions which contained 20 per cent less virus protein than 
their controls, as shown in Table LV, always caused fewer average 
numbers of lesions and the differences in lesion counts usually 
proved to be significant even at concentrations of 10-° gm. per ce. 
In the majority of these tests the odds for significance were greater 
than 100:1. The results obtained when the infectivities of solu- 
tions containing 30 and 50 per cent less virus protein than their 
controls were compared are shown in Table V._ In both of these 
cases the differences in lesion counts were always significant and 


TABLE V 


Comparison of Solutions Which Differ by 30 and 50 Per Cent in Concentration 
of Virus Protein 


| Concentration, gm. protein per cc. 


Average No. of lesions per | | | | | i | 
46.4) 29.7) 24.8 17.2 | 18.2 
Sy | | 5.4! | 4.1] | 6.2 
Average No. of lesions per | | | | } 
55.4) 37.7 18.6) 12.0 
| | | | 4.4, 3.3 
Average No. of lesions per — | | | i 
half leaf........ | 42.7] 35.5] 18.9] 13.9 
| | | | 2.1) 3.3 


* The averages are based on from thirty-six to forty-two half leaves of 
Phaseolus vulgaris. 


t+ See Table 


the odds for significance somewhat greater than those obtained 
when solutions differing by 20 per cent in concentration were 
compared. 

The above results indicate that it is possible to distinguish 
between solutions which differ in concentration by 10 per cent 
when about forty to 50 half leaves of Phaseolus vulgaris are used 
for the activity comparisons, provided the comparison is carried 
out at a concentration of about 10-* gm. of virus protein per cc. 
Under these same conditions, however, differences of 5 per cent in 
concentration could not be detected. In the experiments with 
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Nicotiana glutinosa differences of 10 per cent in concentration failed 
as a rule to cause significant differences in the number of lesions 
produced. When the difference in concentration was increased to 
20 per cent, however, the differences in lesion counts usually 
proved significant. It, therefore, appears that the accuracy of the 
method under these conditions is between 5 and 10 per cent for 
Phaseolus vulgaris and between 10 and 20 per cent for Nicotiana 


VI 
Comparison of Same Solution of Virus Protein by Half Leaf Method 


Concentration, gm. protein per cc. 


Test plant 
5 10°% 10-6 
Average No. of le- | Phaseolus | 103.7) 96.2 | 63.8 | 63.4 | 
sions per half leaf* vulgaris | 
tt 1.4 0.1 
Average No. of le- ss ™ 91.0) 91.5 | 63.8 | 58.6 
sions per half leaf 
t 0.1 1.3 
Average No. of le- z ” 78.6) 87.0 | 44.8 | 49.2 
sions per half leaf 
t 1.5 1.4 
Average No. of le- 88.7) 86.0 38.3 | 39.9 
sions per half leaf 
t 0.7 0.6 
Average No. of le- | Nicotiana 65.1) 71.4 29.8 | 30.2 
sions per half leaf glutinosa 
t 1.6 0.2 
Average No. of le- 79.4) 79.0 37.1 | 33.4 
sions per half leaf 
t 0.1 1.3 


* The averages are based on from twenty to forty-four half leaves for 
each comparison. 


t See Table I. 


glutinosa. The differences between these results may in part be 
explained by the fact that the tests with 10 per cent differences in 
concentration were performed during the summer months when 
the leaves of Nicotiana glutinosa plants are less susceptible to 
infection than those of the bean plants. Relatively larger num- 
bers of lesions are formed when leaves of the latter are inoculated. 
The same observation has been made for the spring and fall, but 
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during the wmter months the contrary appears to be true. The 
bean plants do poorly at this time and the leaves of Nicotiana 
glutinosa produce relatively more lesions after inoculation. 

It was also desirable to determine the accuracy by comparing 
the variation in the number of lesions obtained with the same 
solution. These results are shown in Table VI. The variation 
was measured, as in the other tests, by determining the ratio of 
the mean difference to its standard error. It may be seen that 
the ratios obtained were always less than 2, and therefore the odds 
were less than 20:1 that the differences were significant. These 
results, therefore, also suggest an accuracy of about 10 per cent 
when from forty to 50 half leaves are used and the concentration 
of virus protein is sufficient to cause an average of from fifteen to 
forty-five lesions per half leaf. 

It should be possible to distinguish between differences of 5 
per cent or less if the number of leaves was increased sufficiently. 
A few experiments were carried out in which 160 half leaves of 
Phaseolus vulgaris were used for the comparison of 5 per cent dif- 
ferences at a concentration of 10-° gm. per ce., but in no case was 
the difference in lesion counts significant. It would seem, there- 
fore, that an even larger number of leaves would be necessary to 
show a significant difference between concentrations differing by 
5 per cent and that in the usual test when forty to 50 half leaves 
are used this method is not sufficiently sensitive for detection of 
such small differences. 


SUMMARY 


A comparison of the differences in the numbers of lesions pro- 
duced by the same percentage difference in virus protein concen- 
tration over a range of from 10~-* to 10-* gm. of protein per ce. 
indicates that the most favorable concentration for the comparison 
of different samples of crystalline virus protein is about 10~* gm. 
per ce. 

It has been shown in a number of different tests that differences 
in virus protein concentration of 10 per cent or greater could be 
readily detected by the half leaf method on Phaseolus vulgaris 
when forty to 50 leaves were used. When Nicotiana glutinosa 
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was used as the test plant, the smallest difference in concentration 
which could be consistently distinguished with the same number 
of leaves was 20 per cent. 
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THE CHEMISTRY OF THE LIPIDS OF TUBERCLE BACILLI 


LI. CONCERNING THE FIRMLY BOUND LIPIDS OF THE HUMAN 
TUBERCLE BACILLUS* 


By R. J. ANDERSON, R. E. REEVES,t ano F. H. STODOLAT 
(From the Department of Chemistry, Yale University, New Haven) 


(Received for publication, August 26, 1937) 


It has been recognized for a long time that it is impossible to 
extract all of the lipids from tubercle bacilli or other acid-fast 
bacteria by neutral solvents. Apparently a portion of the lipid 
material is present in the cellular structure of the bacilli in rela- 
tively firm chemical combination and probably combined either 
with proteins or carbohydrates. Treatment with acids or alkali 
is necessary before this fraction of the lipids is rendered soluble in 
neutral solvents. Aronson (1) used a mixture of alcohol and ether 
containing 1 per cent hydrochloric acid for the extraction of the 
residual lipids and this mixture has been employed by other in- 
vestigators, notably by Bulloch and MacLeod (2). Long (3) 
reported that from 4 to 8 per cent of additional lipids could be 
obtained from partly defatted bacilli by treatment with normal 
hydrochloric acid and reextracting with petroleum ether. 

Disintegration of the bacterial cells by aqueous alkali for the 
liberation of total lipids has been recommended by Agulhon and 
Frouin (4), by Terroine and Lobstein (5), and by Model (6). Such 
a drastic treatment with aqueous alkali would lead to complete 
saponification with liberation of free fatty acids. The milder 
treatment with alcohol and ether containing 1 per cent hydro- 
chloric acid should be preferred in cases in which the isolation of 
more or less intact lipid material is desired. 


* The present report is a part of a cooperative investigation on tubercu- 
losis; it has been supported partly by funds provided by the Research 
Committee of the National Tuberculosis Association. 

+ Holder of a National Tuberculosis Association Fellowship at Yale 
University, 1936-37. | 
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Coghill and Bird (7) noted a decided increase in extractable 
lipids from the timothy-grass bacillus after treatment with acids 
or alkali. In the case of the leprosy bacillus, Uyei and Anderson 
(8) found that the partly defatted bacilli yielded about 17 per cent 
of additional lipids on treatment with acidified alcohol-ether, 
The five strains of the human tubercle bacillus examined by Crow- 
der, Stodola, Pangborn, and Anderson (9) yielded from 11 to 17 
per cent of additional lipids when treated with acidified alcohol- 
ether. 

No information is available at the present time concerning either 
the chemical composition of the firmly bound lipid or the manner 
in which it is combined within the cells. The statement by Wells 
and Long (10), “The lipoid product appeared to be the same wax 
as that which makes up the bulk of the total lipin,” sums up all 
that is known about this interesting material. 

We contribute in the present report some information of a pre- 
liminary nature concerning the composition of the firmly bound 
lipids isolated from two strains of the human tubercle bacillus. 
The results which we have obtained indicate broadly that the 
statement by Wells and Long quoted above is approximately 
correct. | 

The firmly bound lipids isolated from the defatted bacilli by 
treatment with acidified alcohol-ether consist principally of a 
hydroxy acid of very high molecular weight which is identical 
with the substance previously isolated from the purified wax of 
the tubercle bacillus and described under the name of unsaponi- 
fiable wax (11) and of a polysaccharide. Certain lower fatty 
acids, among which tuberculostearic acid has been identified, are 
also present but the amounts of these fatty acids are very small. 

It is an interesting fact that other characteristic constituents 
of the lipids of the tubercle bacillus previously identified in this 
Laboratory, such as phthioic acid (12), phthiocol (13), and phthio- 
cerol (14), are entirely absent in the bound lipids. 


EXPERIMENTAL 


The bacteria used in this investigation were the defatted residue 
from Strain A-10 of the human tubercle bacillus which has been 
used in a former study reported by Crowder, Stodola, Pangborn, 
and Anderson (9). This residue, which weighed about 595 gm., 
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was next extracted with 25 per cent alcohol for the removal of 
earbohydrates and other substances. From this extract it was 
possible to isolate 14.3 gm. of a polysaccharide as a white powder. 
This product was similar in properties to the crude polysaccharides 
described by Heidelberger and Menzel (15) and gave a precipitin 
reaction with immune serum in dilutions as high as 1:1,000,000 
but it has not been further investigated. 

Extraction with Acidified Alcohol and Ether—The moist bacterial 
residue, after the extraction mentioned above, was treated with a 
solution consisting of 1 liter of alcohol, 1.5 liters of ether, and 45 
ee. of concentrated hydrochloric acid. The mixture was warmed 
under a reflux condenser in a water bath at 50° for 5 hours. After 
cooling to room temperature the bacterial cells were filtered off 
on a Buchner funnel and washed thoroughly with alcohol and 
ether, equal parts. 

The extract, about 6 liters, was freed of ether by means of a 
current of CO, at 45°, after which most of the aleohol was removed 
by distillation under reduced pressure. The concentrate, which 
contained the lipids suspended in the aqueous alcohol, was diluted 
with water and extracted with ether. 

The aqueous solution on concentration to dryness yielded 15.9 
gm. of a thick syrup containing carbohydrates and other com- 
pounds. ‘This material has not been further investigated. 

The ethereal extract was washed with water until the washings 
were neutral, dried over sodium sulfate, filtered, and passed 
through a Chamberland filter under nitrogen pressure. After 
evaporation of the ether and drying in vacuo, a grayish solid 
residue was obtained which weighed 16.9 gm. This material will 
be designated Fraction A. 

Further Extraction of Bacterial Residue—The bacterial residue 
was further extracted, first, by refluxing for 2 hours with a mixture 
of 500 ec. of alcohol and 1500 ec. of ether, then cooled, filtered, 
and washed with ether. The cells were next extracted with 500 
ec. of ether by refluxing for 1 hour, then cooled, filtered, and 
washed with ether. The extraction with ether was repeated in 
the same manner four times. The total extracts were combined. 
A dense white precipitate separated on adding the ethereal ex- 
tracts to the first extract which contained alcohol. The ether was 
removed by means of a current of CO, in a water bath at 40°. 


a 
4 
£ 
is 
x 
Bx. % 
+ 
‘ 
= 
3 
> 
ae 
| 


652 Lipids of Tubercle Bacili. LI 


There remained a voluminous white precipitate suspended in the 
aleoholic solution which was filtered off, washed with alcohol, and 
dried in vacuo. This product, Fraction B, weighed 43.0 gm. 

The filtrate and washings were concentrated to dryness in 
vacuo. The residue yielded 0.9 gm. of lipids soluble in chloroform 
which was combined with Fraction B and 2.0 gm. of water-soluble 
material which were discarded. 

The bacterial residue was further extracted with a mixture of 
500 ec. of ether and 500 ec. of chloroform by refluxing for 1 hour 
and allowed to stand at room temperature with occasional shaking 
for 5 days. The bacteria were filtered off and washed thoroughly 
with ether. The filtrate and washings on evaporation to dryness 
left a residue weighing 11.9 gm., which was designated Fraction C. 

The lipids obtained as a result of the various extractions, Frac- 
tions A, B, and C, amounted to 72.7 gm. and were examined as 
described below. It will be noted that alcohol is a very poor 
solvent for the bound lipids, these compounds being very readily 
soluble in ether and chloroform after the bacteria have been 
treated with acid. 

Examination of Fraction B—The combined portions of Fraction 
B, which weighed 43.9 gm., were in the form of a white powder. 
The product was dissolved in 300 ec. of chloroform and the 
cloudy solution was forced through a Chamberland filter under 
nitrogen pressure, after which the filter was washed with four 
portions of 100 ec. of chloroform. The filtrates were combined, 
concentrated to about 90 cc., and mixed with 300 cc. of methy! 
alcohol, which caused a voluminous white amorphous precipitate. 
After being filtered, washed with methyl alcohol, and dried in 
vacuo, this product, Fraction B,, weighed 9.8 gm. Heated in a 
capillary tube the substance sintered at 50°, became transparent 
at 80-85°, and on continued heating turned yellowish at 150° and 
decomposed at 180—-200°. 

The results of the filtration experiment show that the greater 
portion of the lipid had not passed through the Chamberland 
filter. | 

The thick gummy material contained within the filter apparatus 
was dissolved in ether and the cloudy solution was forced through 
a new Chamberland filter under nitrogen pressure, after which the 
apparatus was washed out with two portions of ether. Filtration 
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was very slow. The clear filtrate and washings, 757 cc., on evap- 
oration to dryness left a residue weighing only 1.35 gm. It is 
evident, therefore, that the lipid cannot be filtered through a 
Chamberland filter in either chloroform or ether solution. 

The lipid surrounding the Chamberland filter was washed out 
with ether and the solution was allowed to stand in a tall glass 
cylinder until most of the bacterial cells had settled. The solution 
was decanted, concentrated to a volume of 100 ec., and 200 ee. 
of alcohol were added. The fine white powder which separated 
on the addition of alcohol was filtered off, washed with alcohol, 
and dried in vacuo. The mother liquor and washings on evapora- 
tion to dryness left a solid residue weighing only 0.56 gm. Only a 
portion of this residue was soluble in ether, the rest being soluble 
in water. 

The main product mentioned above was a voluminous snow- 
white powder which weighed 28.2 gm.; it will be designated by the 
term “unfiltrable lipid.”” On heating, the substance turned yel- 
lowish at 160° and fused to a brown mass at about 200°. 

The various smaller fractions recovered from the mother liquors 
were combined; weight, 2.4 gm. This material was not further 
examined. ‘The total lipids recovered weighed 40.0 gm., the vari- 
ous filtration operations having caused a loss of about 4.0 gm. 

Examination of Fraction C-—¥raction C was dissolved in 50 ce. 
of ether and after standing overnight the solution was decanted 
from a slight sediment. The addition of an equal volume of 
alcohol caused a white granular precipitate, which was filtered 
of, washed with alcohol, and dried in vacuo. The white powder 
weighed 11.4 gm., and when heated in a capillary tube, turned 
yellowish at 160° and fused to a brown mass at about 200°. Since 
the properties of Fraction C and the unfiltrable lipid were identi- 
cal, the two fractions were united. 

Purification of the Unfiltrable Lipid—The two fractions men- 
tioned above, weight 39.6 gm., were dissolved in 350 cc. of ligroin. 
The solution, which was cloudy, was centrifuged at high speed for 
40 minutes and decanted from a slight sediment. The solvent was 
removed under reduced pressure and the residue was dissolved in 
250 ec. of ether, in which it gave a cloudy solution. Addition of 
300 ec. of alcohol caused a heavy granular precipitate. The 
product was filtered off, washed with alcohol, and dried in vacuo. 


id 
4 


| 
| 
> 
> 
A 
A 
Fe 
ao 
. 
i 


654 Lipids of Tubercle Bacilli. LI 


The snow-white powder weighed 39.1 gm. Heated in a capillary 
tube, the substance turned yellowish at 160° and fused to a brown 
mass at about 200°. 


Analysis—Found. P 0.20, N 0.40, C 64.2, H 10.2 


The carbon and hydrogen values would indicate that the sub- 
stance contained a large proportion of carbohydrate. However, 
owing to the insolubility of the substance in water, the Molisch 
test was inconclusive. 

Owing to the peculiar properties of this substance, further at- 
tempts at purification appeared futile. It is quite certain that 
the material contained a small amount of bacterial cells, since the 
solutions could not be filtered through a Chamberland filter. 
Nevertheless, a portion of the material was saponified and the 
cleavage products were examined as described below. 

Saponification of the Unfiltrable Lipid—A portion of the un- 
filtrable lipid weighing 10 gm. was dissolved in 150 cc. of benzene, 
in which it gave a clear, faintly straw-colored solution. To the 
solution were added 3.5 gm. of potassium hydroxide dissolved in 
150 ec. of absolute alcohol, which caused a fine white precipitate. 
The mixture was refluxed on the water bath for 30 hours. After 
cooling to room temperature the insoluble material was filtered off, 
washed thoroughly with benzene and with absolute alcohol, and 
dried in vacuo. The substance, a voluminous straw-colored pow- 
der weighing 5.4 gm., was found to be a polysaccharide, the analy- 
sis of which will be reported below. 

Examination of the Ether-Soluble Constituents Obtained from the 
Unfiltrable Lipid on Saponification—The alkaline filtrate, from 
which the crude polysaccharide had been removed, was freed of 
excess potassium hydroxide by saturating the solution with COs. 
The potassium carbonate was filtered off, washed with benzene, 
and discarded. The filtrate and washings were concentrated to 
about 75 cc. and mixed with 250 cc. of ether, after which the solu- 
tion was washed with dilute hydrochloric acid and then with 
water until the washings were neutral. 

The aqueous solution and washings were combined, neutralized 
with potassium hydroxide, evaporated to dryness in vacuo, and 
the residue was examined for glycerol and carbohydrate, but nei- 
ther of these constituents could be found. 
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The ethereal solution, after drying over sodium sulfate and 
evaporation to dryness, left a yellowish oil which formed a wax- 
like solid at room temperature and which weighed 5.5 gm. The 
substance was dissolved in 20 ec. of ether and 50 ec. of 95 per cent 
alcohol were added. A dense, white, amorphous precipitate 
separated immediately and was filtered off, washed with alcohol, 
and dried in vacuo. The snow-white powder weighed 5.0 gm. and 
melted at 55-56°. 

The filtrate and washings were combined and freed of ether 
under reduced pressure. A slight precipitate which separated 
was filtered off, washed with alcohol, and dried. This fraction, 
weight 0.1 gm., m.p. 53-54°, was combined with the first pre- 
cipitate and purified as will be described later. 

Examination of the Alcohol-Soluble Material for Fatty Acids and 
Unsaponifiable Matter—The alcoholic filtrate was heated nearly to 
boiling and a solution of lead acetate dissolved in hot alcohol was 
added. The precipitate which formed after the mixture had stood 
overnight was filtered off, washed with alcohol, and decomposed 
in ethereal suspension with dilute hydrochloric acid. The fatty 
acid after being isolated in the usual manner was a white crystal- 
line solid which weighed 0.25 gm. After two crystallizations from 
acetone, 22 mg. of an acid, m.p. 84°, were obtained. The mother 
liquors on evaporation to dryness left a white crystalline residue 
which melted at 57°. The results indicate that a mixture of 
higher solid fatty acids was present but the amounts obtained 
were too small to permit the identification of individual acids. 

The filtrate from the lead salts was concentrated nearly to dry- 
ness under reduced pressure and the residue was treated with 
dilute hydrochloric acid and extracted with ether. The ethereal 
solution was washed with water until the washings were neutral, 
after which it was washed with two portions of 2 per cent aqueous 
potassium hydroxide in order to remove any fatty acids whose 
lead salts were soluble in alcohol. | 

The ethereal solution was again washed with water, dried over 
sodium sulfate, and evaporated to dryness. A mere trace of resi- 
due was obtained; hence it is evident that the unfiltrable lipid 
did not contain any neutral material such as phthiocerol. 

The alkaline extract mentioned above gave on acidification and 
extraction with ether 0.15 gm. of a fatty acid which was liquid at 
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room temperature. Owing to the small amount of material ob- 
tained, the acid could not be identified. 

The results described above show that the unfiltrable lipid 
contained very small amounts of solid and liquid fatty acids and 
that it did not contain any unsaponifiable matter. The principal 
ether-soluble component was the alcohol-insoluble substance 
which will be described below in more detail. 

Examination of the Principal Ether-Soluble Constituent of the 
Unfiltrable Lipid—The crude product, 5.1 gm., deseribed above 
was dissolved in ether and the solution was treated with norit, 
filtered, and concentrated to a volume of 50 cc. An equal volume — 
of acetone was added and the solution was cooled in ice water. 
A fine white globular precipitate was filtered, washed with ace- 
tone, and reprecipitated in the same manner. ‘The substance 
obtained was a voluminous snow-white powder which weighed 
5.0 gm. The powder melted at 56-57°, solidified at 54°, and re- 
melted at 56-57°. In chloroform solution there was no immediate 
absorption of bromine but in the course of 2 or 3 hours the bro- 
mine color gradually disappeared. Dissolved in chloroform the 
substance showed a specific rotation of +1.7°. 

Titration—0.4050 gm. of substance dissolved in 50 ec. of moist 
ether with phenolphthalein as indicator required 2.90 cc. of 
0.1156 Nn KOH. Found, equivalent weight 1208. 


Analysis—10.08 mg. substance gave 11.50 mg. H,O and 30. 18 mg. CQ, 
Found. C 81.66, H 12.80 


In solubility, properties, and composition the substance is 
identical with the higher hydroxy acid described under the name, 
unsaponifiable wax, which we isolated as the principal ether- 
soluble constituent of the purified wax of the human tubercle 
bacillus (11). 

In order to determine whether further saponification would 
alter the properties or give additional cleavage products, 4.1 gm. 
of the above substance were refluxed for 62 hours in a solution 
containing 50 ec. of benzene, 50 ec. of absolute alcohol, and 1.5 gm. 
of potassium hydroxide. After being isolated and twice precipi- 
tated from ether-acetone solution by cooling, 4.0 gm. of a snow- 
white powder were recovered. The substance melted at 56-57°. 
The saponification mixture was examined for fatty acids and neu- 
tral material but none was found. 
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The results recorded above show that the ether-soluble constit- 
uents of the unfiltrable lipid consist almost entirely of the hydroxy 
acid of very high molecular weight, termed unsaponifiable wax, 
and very small amounts of lower fatty acids. The dihydrie al- 
cohol phthiocerol (14) which we have found to be a characteristic 
constituent of all the wax fractions of the human tubercle bacillus 
is entirely absent. 

Examination of the Polysaccharide—Vhe benzene-alcohol-insolu- 
ble substance was easily soluble in water and the solution was 
alkaline in reaction. Heated in a capillary tube the substance 
fused to a dark brown mass at 205-210°. When the aqueous 
solution was heated with hydrochloric acid and orcinol, no colora- 
tion was obtained, but when heated with hydrochloric acid and 
phloroglucinol, a strong red color developed. The substance did 
not reduce Fehling’s solution, but after boiling in dilute acid for 
several minutes, it strongly reduced Fehling’s solution. These 
properties indicated that the substance was a polysaccharide. 

For purification the crude substance was dissolved in 20 ce. of 
water, acidified with acetic acid, treated with norit, filtered, and 
concentrated to a syrup under reduced pressure. The thick 
gum-like material was dehydrated by grinding in a mortar under 
absolute alcohol until a straw-colored powder was obtained. 
After being filtered, washed with absolute alcohol, and dried in 
vacuo, the powder weighed 5.05 gm. The substance was slightly 
acid in reaction to litmus and on combustion it left a small amount 
of ash. On analysis it was found to contain 0.38 per cent of 
phosphorus and 0.95 per cent of nitrogen. In a preliminary ex- 
periment it was ascertained that the maximum reducing power on 
hydrolysis with 5 per cent sulfuric acid was reached in 2} hours 
and that the reduction calculated as glucose amounted to 57 
per cent. The hydrolyzed solution gave strong positive color 
reactions for pentose with orcinol and phloroglucinol, but the 
naphthoresorcinol test was negative. 

The polysaccharide gave a precipitin reaction with immune 
serum in dilutions up to 1:1,000,06v." 

Rotation—0.1165 gm. of polysaccharide dissolved in water and 
diluted to 10 ce. gave in a 1 dm. tube a reading of +0.35°; hence 
= +30°. 

Hydrolysis of the Polysaccharide—A portion of the polysaccha- 


1 We are indebted to Dr. M. Heidelberger for making this test. 
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ride weighing 2.0 gm. was hydrolyzed by refluxing with 5 per cent 
sulfuric acid for 2} hours. The solution, which had turned quite 
dark in color, was made faintly alkaline with barium hydroxide 
and the precipitate was removed and discarded. After the solu- 
tion had been decolorized with norit, it was concentrated in 
vacuo to a volume of 40 cc. The addition of 75 ec. of alcohol 
eaused a slight flocculent precipitate, which was removed by cen- 
trifuging. The precipitate was presumably a barium salt of an 
organic phosphoric acid, but the amount was entirely too small 
for any analytical determinations. The clear solution was freed 
of a slight excess of barium with sulfuric acid, after which it was 
concentrated in vacuo to a volume of 16 ec. From this solution 
were isolated mannose, d-arabinose, and d-galactose, as described 
in a former paper (16). 

Mannose was isolated as the phenylhydrazone in a yield of 0.2 
gm., corresponding to 0.1333 gm. or 6.66 per cent of mannose. The 
phenylhydrazone after recrystallization from 60 per cent alcohol 
melted at 195-196° and gave no depression of the melting point 
of pure mannose phenylhydrazone. 

d-Arabinose was isolated by direct crystallization from the 
solution after mannose and excess of phenylhydrazine had been 
removed but the crystals weighed only 24 mg., m.p. 156°. The 
main portion of the d-arabinose was isolated as the benzylphenyl- 
hydrazone in a yield of 1.3 gm., m.p. 175-176°, corresponding to 
0.6 gm. of d-arabinose. Since the benzylphenylhydrazone of d- 
arabinose is usually obtained in a yield of 80 per cent and if we 
assume that the same yield was obtained in the above experiment, 
then the solution should have contained 0.75 gm. of d-arabinose, 
which with the 24 mg. isolated by direct crystallization would 
correspond to 38.7 per cent of d-arabinose in the polysaccharide. 
The hydrazone was decomposed in the usual manner and the free 
sugar was recrystallized twice from water. The sugar melted at 
156° and in aqueous solution showed mutarotation but attained 
the constant value of [a], = —103.7°. 

d-Galactose was isolated as the benzylphenylhydrazone by con- 
centrating the mother liquors from the d-arabinose benzylphenyl- 
hydrazone, and the yield was 0.4 gm. The yield of benzylphenyl- 
hydrazone from pure d-galactose was found to be 82 per cent and, 
assuming a similar yield from the above mixture, the amount of 
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hydrazone should have been 0.488 gm.; hence the galactose con- 
tent of the polysaccharide should be 12.2 per cent. The hydra- 
zone was crystallized from acetone and from 70 per cent aqueous 
acetone. The colorless needle-shaped crystals melted at 157- 
158° and gave no depression of the melting point when mixed with 
benzylphenylhydrazone of d-galactose. 

The only cleavage products that could be identified in the hy- 
drolyzed solution were the sugars mentioned above and they 
accounted for 57.56 per cent of the polysaccharide. 

Examination of the Residual Solution after Isolating Galactose 
Benzylphenylhydrazone—The filtrate from the galactose benzyl- 
phenylhydrazone was concentrated and freed of excess of benzyl- 
phenylhydrazine in the usual manner and concentrated to dryness. 
The syrupy residue weighed 0.9 gm. 

The substance contained only traces of phosphorus and nitrogen. 
It did not reduce Fehling’s solution and gave no coloration with 
naphthoresorcinol. So far it has been impossible to isolate any 
crystalline or identifiable compound from this material which 
represents nearly 50 per cent of the polysaccharide. 

The nature of the phosphorus- and nitrogen-containing com- 
ponents of the polysaccharide remains unknown. A sample of 
the polysaccharide was hydrolyzed and examined for glucosamine 
by the procedure of Elson and Morgan (17) but the color reaction 
obtained indicated a mere trace of glucosamine. 

Determination of Pentose Sugars—Since no information could be 
obtained concerning the non-reducing constituents of the poly- 
saccharide as mentioned above, an attempt was made to examine 
the non-reducing products after the polysaccharide had been 
hydrolyzed with 12 per cent hydrochloric acid as in the usual fur- 
fural determination (18). 1 gm. of the polysaccharide gave 
0.3888 gm. of phloroglucide, corresponding to 0.3950 gm. of pen- 
tose or 39.5 per cent, which is in close agreement with the 
amount of d-arabinose determined by direct isolation. The 
phloroglucide was insoluble in alcohol, thus indicating the ab- 
sence of methylpentose. 

The residual solution after the furfural distillation was treated 
with norit, filtered, and extracted with ether. The ethereal 
extract left no residue on evaporation to dryness, thus indicating 
the absence of phenolic or other ether-soluble constituents in the 
polysaccharide. 


a 
j 


£ 
| 


660 Lipids of Tubercle Baculli. LI 


The aqueous solution, after extraction with ether, was evap- 
orated to dryness in vacuo and left a residue weighing 0.57 gm. 
A small quantity of potassium chloride and 2.5 mg. of inosite were 
the only substances that could be identified in this residue. No- 
glucosamine could be found. 

The main portion of the material was probably a polyhydrie 
alcohol but no crystalline product could be isolated. Acetylation 
in pyridine solution with acetic anhydride yielded a derivative 
insoluble in water but very soluble in chloroform and other or- 
ganic solvents, but it was impossible to obtain the derivative in 
crystalline form. The acetyl derivative was saponified and at- 
tempts were made to crystallize the saponified product but with- 
out any success. The substance was easily soluble in water but 
it could not be brought to crystallization from any solvent. The 
further study of this fraction of the polysaccharide will have to be 
postponed until some future time. 

Examination of the Bound Lipids Which Had Passed through the 
Chamberland Filter—-The various fractions of the bound lipids 
which had passed through the Chamberland filter, Fractions A and 
B,, and material recovered from mother liquors were combined. 
A portion of this material weighing 24.3 gm. was saponified by 
refluxing for 12.5 hours in benzene-absolute alcohol solution con- 
taining 2 per cent of potassium hydroxide. The saponification 
products were separated into the following fractions in the same 
manner as described for the unfiltrable lipid. 


Cleavage Products of Filtrable Bound Lipids 


Fraction I. Water-soluble carbohydrate.................. 6.2 
II. Ether-soluble constituents................... 18.7 


In this case the lipid yielded only one-half as much polysae- 
charide as did the unfiltrable fraction, and a small quantity of 
glycerol was also isolated; hence the lipid was undoubtedly a mix- 
ture of polysaccharide esters of fatty acids and glycerides. The 
polysaccharide was similar to the corresponding fraction from the 
unfiltrable lipid and like the latter gave a precipitin reaction with 
immune serum in dilutions up to 1:1,000,000. 

Examination of the Ether-Soluble Constitwents—The  ether- 
soluble fraction was dissolved in 50 ec. of ether and 75 ce. of ice- 


Anderson, Reeves, and Stodola 661 


cold aleohol were added. The dense white precipitate was filtered 
off, washed with alcohol, and dried in vacuo. The white powder 
weighed 10.0 gm. and melted at 53-54°. 

The filtrate was freed of ether by distillation and allowed to cool 
to room temperature. A slight precipitate which separated was 
collected, washed, and dried. The properties of this substance 
were identical with those of the first precipitate mentioned above; 
hence the two fractions were combined and precipitated twice 
from ether solution by the addition of cold alcohol. The product 
was a white granular powder which weighed 9.9 gm. and melted at 
53-54°. The molecular weight determined by titration was 1188. 
These properties indicate that the substance was similar to or 
identical with the hydroxy acid, the so called unsaponifiable wax, 
obtained from the unfiltrable lipid. 


Isolation of Lower Solid Fatty Acids—The alcoholic filtrate from > 


the hydroxy acid was heated nearly to boiling and mixed with a 
hot alcoholic solution of lead acetate. The lead salt, which sep- 
arated as a white powder on cooling was filtered off, washed with 
alcohol, dried, and treated with ether for the removal of ether- 
soluble lead salts. ‘The ethereal solution after treatment with 
dilute hydrochloric acid yielded 0.4 gm. of a non-crystalline semi- 
solid fatty acid. In ethereal solution the acid showed no optical 
rotation; hence phthioic acid was absent. 

The ether-insoluble lead salt was decomposed in the usual 
manner and yielded 3.8 gm. of a white crystalline acid. Two 
precipitations from 15 ec. of warm acetone by cooling to room 
temperature gave 0.1 gm. of a not definitely crystalline acid which 
melted at 56-57°. The mother liquors were evaporated to dry- 
ness and the residue was dissolved in 20 ec. of warm methyl 
alcohol. Nothing separated from the solution at room tempera- 
ture but on cooling in ice water 2.8 gm. of a white powdery pre- 
cipitate were obtained. This fraction also melted at 56—-57° and 
the molecular weight determined by titration was 263. 

The results obtained would indicate that the solid acids which 
had been precipitated as lead salts were probably a mixture of 
palmitic and stearic acids. 

Isolation of Liquid Fatty Acids—The alcoholic filtrate from the 
lead salts was evaporated to dryness in vacuo and the residue was 
treated in ethereal solution with dilute hydrochloric acid. After 
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the ethereal solution had been washed with water until the wasb- 
ings were neutral, it was twice extracted with 2 per cent aqueous 
potassium hydroxide for the removal of fatty acids whose lead 
salts were soluble in alcohol. The alkaline solution yielded 3.1 
gm. of fatty acids which were liquid at room temperature. This 
fraction was examined as will be described later. 

Examination for Unsaponifiable Matter and Phthiocerol—The 
ethereal solution after being extracted with dilute alkali as men- 
tioned above was evaporated to dryness. A soft non-crystalline 
residue weighing 0.2 gm. was obtained from which no phthiocerol 
could be isolated. 

Examination of the Liquid Fatty Acids—The liquid fatty acids 
showed no optical rotation; hence phthioic acid was absent. The 
acid had an iodine number of 29.4 and the molecular weight deter- 
mined by titration was 292.7. These results would indicate that 
the acid was a mixture which might consist approximately of one- 
third oleic acid and two-thirds tuberculostearic acid. 

The crude acid was reduced with hydrogen in the presence of 
platinum oxide, after which the lead soap-ether separation was 
repeated. The ether-soluble lead salts gave 1.6 gm. of an acid 
which was a slightly yellowish oil at room temperature, while 
from the ether-insoluble lead salts 1.1 gm. of a white crystalline 
reduced acid were obtained. 

Reduced Acid—The reduced acid was crystallized once from 
acetone and twice from methy! alcohol, yielding 0.1 gm. of white 
irregular plates which melted at 70-71° and gave no depression 
of the melting point when mixed with stearic acid. The molec- 
ular weight determined by titration was 284. 

The mother liquors on concentration and cooling yielded 0.3 
gm. of crystalline plates which had a melting point of 65-66° and 
a molecular weight of 278. On again concentrating the mother 
liquor and cooling, 0.1 gm. of white plates was obtained which 
melted at 56° and had a molecular weight of 266. 

The results obtained indicate that the unsaturated acid was a 
mixture of oleic acid and an unsaturated Cigacid. The only reduc- 
tion product definitely identified was stearic acid. 

Liquid Saturated Fatty Acid—The liquid fatty acid isolated from 
the ether-soluble lead salts, as mentioned above, was an oil at 
room temperature but it solidified on cooling in ice water, melting 
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again to an oil when removed from the ice. The acid was satu- 
rated; it did not absorb any bromine. The molecular weight, 
determined by titration, was 297.3. The properties of the 
liquid saturated acid are identical with those of tuberculostearic 
acid. 

Examination of the Bound Lipids Isolated from Strain A-12 of 
Human Tubercle Bacillus—In order to secure further information 
concerning the bound lipids of the human tubercle bacillus, the 
following experiments were carried out with Strain A-12 (9). 

A. Extraction of the Bound Lipids from the Dried, Partly De- 
fatted Bacilli—A portion of the partly defatted bacilli of Strain 
A-12, weighing 100 gm., was treated with a mixture consisting 
of 715 ee. of alcohol, 750 ec. of ether, and 35 ec. of concentrated 
hydrochloric acid under a reflux condenser for 8 hours, in a water 
bath heated to 50°. After being cooled to room temperature, the 
bacteria were filtered off on a Buchner funnel. The filtrate was 
examined for lipids as described below. 

The bacterial residue was washed on the funnel successively with 
ether, ether-chloroform, equal parts, and again with ether. The 
washings, amounting to 1500 cc., yielded 7.7 gm. of a wax-like 
solid. 

Following this treatment, the bacterial residue was transferred 
to an extraction thimble and extracted with ether in a Soxhlet 
apparatus for 3 hours. Evaporation of the ether left 0.40 gm. 
of wax-like material. 

Acid-Alcohol-Ether Extract—The filtrate obtained after digestion 
of the bacilli in acidified alcohol-ether as mentioned above was 
concentrated under reduced pressure to dryness. The residue 
was treated with water and extracted with ether and the ethereal 
extract was washed with water. The aqueous solution and wash- 
ings were combined and evaporated to dryness in vacuo. The 
residue was a thick brown syrup which weighed 13.1 gm. The 
material did not reduce Fehling’s solution until after it had been 
boiled for some time with dilute acid; hence it contained a poly- 
saccharide, but it has not been further examined. 

The ethereal extract after being washed with water was evapo- 
rated to dryness and left a solid wax-like residue weighing 7.2 gm. 

The total yield of ether-soluble lipids obtained by the above 
treatments amounted to 15.3 gm. The three fractions were com- 
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bined and dissolved in about 300 ec. of chloroform, and as the 
solution was slightly acid in reaction, it was treated with solid 
sodium bicarbonate, filtered, and passed through a Chamberland 
filter under nitrogen pressure. The filtrate on evaporation to dry- 
ness left a residue weighing 13.1 gm. 

The Chamberland filter was washed out first with 160 ce. of 
chloroform and a second time with 100 ce. of chloroform. The 
first washings yielded 1.7 gm., and the second washings gave 0.15 
gm. of residue on evaporation to dryness. 

The total lipids recovered amounted to 1495 gm. It is evident, 
therefore, that in this case practically all of the bound lipids had 
passed through the Chamberland filter. 

Purification of the Bound Lipids from Strain A-12—The 14.95 
gm. of crude lipid were dissolved in 50 cc. of ether; the solution 
was cooled in ice water and precipitated by adding 60 cc. of ace- 
tone. The white granular precipitate was filtered off, washed 
with acetone, and redissolved in 50 ce. of ether, after which the 
solution was cooled and precipitated by adding 50 cc. of cold 
methyl alcohol. The precipitate was filtered off, washed with 
methyl alcohol, and dried in vacuo. The product was a white 
amorphous powder which weighed 9.0 gm. The substance melted 
at 47-48°. 

The material contained in the mother liquors was recovered by 
evaporation of the solvents. It formed a soft semisolid mass 
which was not further examined. 

Saponification of the Purified Bound Lipids from Strain A-12—2 
gm. of the purified lipids described in the preceding paragraph 
were saponified and the cleavage products were separated exactly 
as described before. The saponification products consisted of 
0.23 gm. of aleohol-insoluble but water-soluble carbohydrate and 
1.7 gm. of ether-soluble material. 

The ether-soluble substance was precipitated three times from 
ethereal solution by addition of acetone and was obtained as a 
snow-white granular powder which weighed 1.40 gm. The sub- 
stance melted at 54-55° and the molecular weight determined by 
titration was 1216. 

The properties of the substance indicate that it was identical 
with the higher hydroxy acid which we have formerly termed 
unsaponifiable wax. 
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The results of this preliminary examination show that the 
filtrable bound lipids obtained from Strain A-12 yield cleavage 
products on saponification similar to those obtained from the 
unfiltrable lipid fraction of Strain A-10; that is, a water-soluble 
carbohydrate and an ether-soluble fraction which consists prin- 
cipally of a hydroxy acid of very high molecular weight. Only 
in this case the percentage of carbohydrate was much less than 
from the unfiltrable lipid. 

B. Further Examination of Strain A-12 for Bound Lipids - 
Since extraction of the dried, partly defatted bacilli, Strain A-12, 
with acidified aleohol and ether did not yield any unfiltrable lipid 
similar to that obtained from Strain A-10, it was decided to deter- 
mine whether a preliminary extraction with 25 per cent alcohol 
had any effect on the composition of the bound lipids. For this 
purpose 100 gm. of the dried bacilli from the same lot as had been 
used in the first experiment were digested in 400 cc. of 25 per cent 
alcohol at room temperature for 24 hours with frequent shaking. 
The mixture was next warmed to 40° for 6 hours and allowed to 
stand overnight. The bacterial cells were filtered off and washed 
with 50 per cent alcohol. 

The filtrate was passed through a Mandler filter and the clear 
filtrate was concentrated under reduced pressure to dryness. The 
residue, 14.2 gm., consisting of carbohydrates, etc., was reserved 
for other experiments. 

Extraction of the Bacterial Residue with Acidified Alcohol and 
Ether—The bacterial residue from the 25 per cent alcohol extract 
was digested in a mixture of 300 ec. of aleohol and 300 ec. of ether 
containing 15 ce. of concentrated hydrochloric acid under a 
reflux at 50° for 6 hours. After the mixture had cooled to room 
temperature, the bacteria were filtered off and washed with alcohol 
and ether, equal parts. 

The filtrate and washings were examined and will be described 
later. 

The bacterial residue was next extracted under a reflux for 1 
hour with 300 ce. of chloroform and 300 ce. of ether. After cool- 
ing, the bacterial cells were filtered off and washed with chloro- 
form-ether, equal parts. The bacterial cells were extracted a 
second time in the same manner. 

Isolation of the Lipids from the Chloroform-Ether Extract—The 
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chloroform-ether extracts were combined and concentrated under 
reduced pressure to about 100 ce. The solution was washed with 
water in order to remove hydrochloric acid, but emulsions formed 
which did not separate completely on standing. The aqueous 
solution and the emulsified layer were drawn off and freed of 
chloroform under reduced pressure, whereupon the lipid separated 
in the form of white solid particles. The latter were filtered off, 
washed with water, and dried in vacuo. The lipid formed a nearly 
white powder and weighed 0.8 gm. On heating, the substance 
partly melted at 145-150° and decomposed at 160°. 

The washed chloroform solution was dried over sodium sulfate, 
filtered, and passed through a Chamberland filter under nitrogen 
pressure, after which the filter was washed out with two 100 ce. 
portions of chloroform. The clear filtrate and washings were 
concentrated to dryness in vacuo. The residue, after being pre- 
cipitated twice from 50 cc. of ether by adding 60 cc. of methyl 
alcohol, was obtained as a white amorphous powder weighing 8.4 
gm. The substance sintered at 120-125° and melted at 135°. 

The mother liquors on concentration to dryness left a soft solid 
residue, weighing 0.9 gm. 

Unfiltrable Lipid from the Chloroform-Ether Extract—-The Cham- 
berland filter, after the chloroform solution had been filtered as 
mentioned above, was opened and washed out thoroughly in 
ether. The resulting cloudy solution after being filtered through 
paper was concentrated to a volume of 50 cc. Addition of 60 
ec. of methyl alcohol caused a heavy white precipitate which, 
after being filtered, washed with methyl alcohol, and dried in 
vacuo, weighed 2.2 gm. On heating, the substance darkened 
at 160° and fused to a dark brown mass between 196-—200°. 

Isolation of the Lipids Contained in the Acid-Alcohol-Ether 
Extract—The alcohol-ether extract was concentrated in vacuo 
to a volume of about 150 cc. The resulting suspension of lipids 
was diluted with water and extracted with ether. 

The aqueous solution on concentration to dryness in vacuo left 
4.6 gm. of a nearly black, water-soluble material which was not 
further examined. | 

The ethereal extract after being dried over sodium sulfate was 
passed through a Chamberland filter under nitrogen pressure and 
the filter was washed out twice with ether. The filtrate on con- 
centration to dryness left a soft solid residue which weighed 2.9 gm. 
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When the Chamberland filter was examined, no visible residue 
could be detected. 

The total lipids obtained in this experiment amounted to 15.2 
gm., being practically identical with the quantity obtained in the 
first experiment. However, the higher melting points of some of 
the fractions and the fact that a considerable quantity of the 
chloroform-ether-soluble lipids did not pass through the Chamber- 
land filter would indicate that these fractions contained a large 
proportion of polysaccharide. In what manner the treatment 
of the partly defatted bacilli with 25 per cent alcohol is associated 
with the combination of the lipids with polysaccharide cannot be 
answered at the present time. From the observed results it would 
seem as if the dilute alcohol were in some manner responsible for 
the lipid-polysaccharide combination. 

What Is the Nature of the Polysaccharide-Lipid Combination? — 
The results recorded above show conclusively that the firmly 
bound lipids, as isolated after the bacilli have been treated with 
dilute acid, contain large but variable percentages of a polysac- 
charide combined with higher fatty acids. The polysaccharide is 
in firm combination with the lipid constituents and is set free 
only on saponification with alcoholic potassium hydroxide. 

Trituration of the bound lipid with water does not remove any 
polysaccharide, since the resulting aqueous solution does not give 
the Molisch reaction. A petroleum ether solution of the bound 
lipid was shaken with dilute hydrochloric acid and with dilute 
sodium hydroxide, but in neither case did the aqueous extracts 
give the Molisch reaction. While the nature of the combination 
between the polysaccharide and the lipid is as yet unknown, we 
believe that the components are chemically combined either as 
esters or as salts. 


SUMMARY 


The results of the present investigation show that the bound 
lipids that can be extracted from tubercle bacilli after treatment 
with acidified aleohol-ether vary very greatly in composition, and 
the variation, in respect to the carbohydrate constituent, ap- 
parently depends upon the laboratory processes employed. The 
products obtained after the bacterial residues have been treated 
with 25 per cent alcohol contain large quantities of polysaccharides, 
but even when the dry bacterial residues are extracted with acidi- 
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fied alcohol-ether, the resulting lipid contains polysaccharide. 
It is possible that the lipid-polysaccharide complexes isolated in 
our experiments may be formed during the process of extraction 
through the influence of water or moisture either present in the 
bacilli or introduced with the solvents. 

Very little of the bound lipid can be removed by means of a 
50 per cent mixture of aleohol and ether because the lipid is prae- 
tically insoluble in aleohol. However, after the bacterial mass 
has been treated with the dilute acid, the lipid is readily soluble 
in ether or in chloroform. This fact would indicate that the lipid 
is present in the cellular structure in chemical combination with 
some substance——either a carbohydrate or protein —but the nature 
of this combination remains unknown. 
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THE CHEMISTRY OF THE LIPIDS OF TUBERCLE 
BACILLI 


LI. THE COMPOSITION OF THE ACETONE-SOLUBLE FAT OF 
BACILLUS LEPR&* 


By R. J. ANDERSON, R. E. REEVES,t ano J. A. CROWDER? 
(From the Department of Chemistry, Yale University, New Haven) 
(Received for publication, September 17, 1937) 


The present report deals with the chemical composition of the 
acetone-soluble fat of the leprosy bacillus. The fat which had 
been isolated by Uyei and Anderson (1) proved to be by far the 
most complex mixture that we have encountered in our investi- 
gations of lipid products from acid-fast bacilli; for this and other 
reasons the completion of the work, which was begun in 1933, 
has been delayed. 

Even yet much remains unknown concerning certain components 
of the fat. The unsaponifiable matter, except for the isolation 
of a- and 8-leprosol (2), has not been examined. The fat was 
highly pigmented, being of deep reddish brown color, but no 
work has been done on this pigment. We could not find any 
phthiocol (3) in the leprosy bacillus fat. 

The fat was not a glyceride since in place of glycerol we were 
able to isolate the disaccharide trehalose. 

Of particular interest was the isolation of a series of new dextro- 
rotatory, branched chain, saturated fatty acids which, however, 
all differed from tuberculostearic acid (4, 5) and phthioie acid 
(4, 6). These acids belong apparently to the Cis, Cis, and Cx 
series and they formed lead salts which were easily soluble in 
ether. 


* The present report is a part of a cooperative investigation on tubercu- 
losis; it has been supported partly by funds provided by the Research Com- 
mittee of the National Tuberculosis Association. 

t Holder of a National Tuberculosis Association Fellowship at Yale 
University, 1936-37. 

t Holder of a National Tuberculosis Association Fellowship at Yale 
University, 1933-34. 
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Other higher acids, some of which were optically active, were 
isolated but could not be identified. Since none of the optically 
active acids could be obtained in a state approaching chemical 
purity, the further study of these products must be deferred until 
larger quantities of material become available. 


EXPERIMENTAL 


The acetone-soluble fat had been isolated in 1931 as described 
by Uyei and Anderson (1).' In addition to the 289.5 gm. of fat 
mentioned in the former paper, a further quantity of fat weigh- 
ing 85.5 gm. was included in the present study. The second fat 
fraction had been isolated in the same manner as the first from a 
smaller lot of Bacillus lepre. The two fractions had been com- 
bined and had stood in a sealed glass container under CO2. The 
material was a dark red mass which was partly liquid. 

Since a preliminary examination showed that a large amount of 
free fatty acids was present, it was decided to separate the free 
acids from the neutral fat. For this purpose the fat was dissolved 
in 500 ec. of ether and the solution was filtered from a small 
quantity of insoluble, brownish red particles. The ether-insol- 
uble pigment weighed 0.9 gm. The ethereal solution was ex- 
tracted with three portions of 2 per cent aqueous potassium 
hydroxide. The fatty acids recovered from the alkaline solution 
after acidification and extraction with ether weighed 95.5 gm., 
representing 26.2 per cent of the crude fat. The aqueous solution 
was examined for water-soluble constituents as will be described 
below. 

The neutral fat recovered from the ethereal solution was a 
deep red-colored, semisolid mass and weighed 269 gm. 

Examination of Aqueous Solution—The red-colored aqueous 
solution from which the free fatty acids had been extracted was 
neutralized with potassium hydroxide and evaporated to dryness 
under reduced pressure. The residue was extracted with 80 
per cent alcohol and the solution was evaporated to a thick syrup 
in vacuo. The syrup was dissolved in water and a solution of 
lead acetate was added until no further precipitate separated. 


1The Mycobacterium leprx used in this work is known as the Hygienic 
Laboratory Strain No. 370 (Apa case) and it was isolated from a case of 
human leprosy in Honolulu about 1909. 
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The precipitate was filtered off and discarded. From the filtrate, 
by means of basic lead acetate and ammonium hydroxide, a 
carbohydrate was isolated in the usual manner which, after being 
dehydrated with absolute alcohol, was obtained as a white powder 
weighing 3.1 gm. 

The substance did not reduce Fehling’s solution directly, but 
after it had been boiled with dilute sulfuric acid for several 
minutes, the solution gave a heavy reaction for reducing sugar. 
The crude carbohydrate did not crystallize from 80 per cent alco- 
hol or from water; hence it was converted into the acetyl deriva- 
tive by refluxing with acetic anhydride and fused sodium acetate. 
The reaction product was isolated as described in a former paper 
(7) and crystallized from methyl alcohol. Long, colorless, needie- 
shaped crystals were obtained which weighed 0.5gm. The erystals 
melted at about 80° and, when mixed with trehalose octaacetate 
which melted at the same temperature, there was no depression 
of the melting point. 

Rotation——0.0856 gm. of substance dissolved in chloroform and 
diluted to 10 cc. gave in a 1 dm. tube a reading of +1.392°; 
hence = +162.6°. 

The crystal form, melting point, and rotation show that the 
substance was trehalose octaacetate. The isolation of trehalose 
would indicate that a portion of the fat had been hydrolyzed 
during storage or during the extraction with alkali. 

Examination of Free Fatty Acids—The fatty acids were con- 
verted into lead salts, in the usual manner, and the latter were 
filtered off and dried in a vacuum desiccator. The filtrate from 
the lead salts was examined for acids giving water-soluble lead 
salts, as will be described below. 

The lead salts were digested in ether and the ether-insoluble 
portion was filtered off and washed thoroughly with ether. The 
ether-insoluble lead salts yielded 38.5 gm. of crystalline solid 
acids, while from the ether-soluble lead salts 53.5 gm. of dark 
colored liquid acids were obtained. The liquid acids had an 
iodine number of 46.1. 

Examination of Aqueous Filtrate from Water-Insoluble Lead 
Salts—The aqueous filtrate and washings, about 3 liters, from the 
lead salts were acidified with hydrochloric acid and extracted 
with ether. The ethereal extract was washed with water, dried 
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over sodium sulfate, and evaporated to dryness. The residue 
after drying in vacuo was a light brown-colored oil of an unpleasant 
odor and it weighed 3.5 gm. This fraction was nearly all volatile 
with steam. After steam distillation the non-volatile portion 
weighed 0.1 gm., while from the distillate 3.4 gm. of an oil were 
recovered by ether extraction. The non-volatile portion was a 
dark oil which was not further examined. 

The steam-volatile acid was found to consist mainly of caproie 
acid. The p-bromophenacyl ester was prepared according to 
Judefind and Reid (8) from a portion of the acid. The ester on 
crystallization from alcohol containing a little water was obtained 
in colorless crystals which melted at 71-72°. There was no de- 
pression of the melting point when the crystals were mixed with 
an authentic sample of the p-bromophenacyl ester of caproic acid 
which also melted at 71-72°. 

Solid Fatty Acuds—The solid fatty acids were converted into 
methyl esters in the usual manner and yielded 39.1 gm. of solid 
crystalline esters. The esters were dissolved in 100 cc. of ether. 
- On standing at room temperature overnight a considerable 
amount of thin, plate-shaped crystals had separated. The 
crystals were filtered off, washed with cold ether, and dried in 
vacuo. The crystals weighed 2.7 gm. The ethereal solution was 
evaporated to dryness and the esters were later combined with 
the similar fraction obtained on saponification of the neutral 
fat, and the material was examined as will be described later. 

Examination of the Ester Which Crystallized from the Ethereal 
Solution—The crystalline ester which separated from the ethereal 
solution melted at 56°. The substance was twice recrystallized 
from 20 ec. of acetone and separated as thin, small plates. The 
product weighed 2.1 gm. and melted at 56—57°, solidified at 55.5°, 
and remelted at 56.5°. 


Analysis — CaH4;0.CH; (382). Calculated. C 78.53, H 13.08 


CosHygO2CH; (396). 78.78, 13.13 
Found. ‘* 78.61, ** 13.01 
78.632, “* 13.03 


The values found agree approximately with the calculated 
composition of the methyl ester of a tetra- or a pentacosanoic 
acid. 
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The ester was saponified and the free acid was crystallized 
twice from 40 cc. of acetone and once from 10 ec. of benzene plus 
20 cc. of methyl alcohol. The acid separated from the latter 
solvent in dense heavy particles consisting of fine crystals. The 
substance weighed 1.6 gm. and melted at 82°, solidified at 80°, 
and remelted at 82°. Two further crystallizations from ether 
yielded 1.13 gm. of acid which also*melted at 82°. 


Analysis — CosHsoO2 (3882). Calculated. C 78.53, H 13.08 
Found. ‘* 78.63, ‘* 13.02 
Mol. wt., 379, 379, 379 


The values found agree best for a pentacosanoic acid. It is 
impossible, however, to state definitely whether the acid described 
above is a pure substance or a mixture of higher acids. 

Liquid Fatty Acids—The liquid fatty acids were converted into 
methyl esters and the esters were distilled in vacuo. An attempt 
was made to reduce the esters of the unsaturated acids in ethereal 
solutions but without success, some substance being present which 
poisoned the catalyst. The esters were saponified and the free 
acids were isolated. The acids were easily reduced with hydro- 
gen in the presence of platinum oxide, after which the lead salt- 
ether separation was repeated. 

The reduced acids recovered from the ether-insoluble lead salts 
were obtained as a white crystalline solid which weighed 30.9 
gm. The ether-soluble lead salts yielded 8.8 gm. of slightly 
yellow, liquid saturated acids. 

In the operations described above large losses were inevitable. 
The solutions of the esters and of the crude fatty acids were very 
dark in color and repeated treatments with norit were necessary 
to remove coloring matter. Highly colored products removed 
by the norit, after elution with chloroform, weighed 5.8 gm. 
Another serious loss occurred in the distillation of the methyl 
esters because a considerable non-volatile residue remained in 
the distillation flask. 

Examination of Reduced Acids—The reduced acids on crystal- 
lization from acetone yielded fractions which were obviously mix- 
tures of several acids. They were reserved and combined with 
the reduced acids obtained from the neutral fat and examined 
as will be described later. 
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Liquid Saturated Fatty Acids—The liquid fatty acids isolated 
from the ether-soluble lead salts were saturated acids, because 
they did not absorb any bromine in chloroform solution. In 
ethereal solution this fraction showed optical activity, [a]? = 
+1.25°. The complete examination of the liquid saturated fatty 
acids was deferred until a larger quantity would be available from 
the neutral fat. 

Neutral Fat—The following constants of the neutral fat were 
determined: melting point 19-20°, iodine number 47.9, Reichert- 
Meissl number 5.02, Polenské number 2.09, unsaponifiable matter 
22.1 per cent, fatty acids after saponification 75.7 per cent. 

The saponification number could not be determined owing to 
the dark color of the saponified solution. 

Saponification of Neutral Fat—A portion of the neutral fat 
weighing 251.7 gm. was saponified with alcoholic potassium 
hydroxide and the cleavage products were isolated in the usual 
manner and yielded the following fractions. 


1.0 


Unsaponifiable Matter--The unsaponifiable matter formed a 
very thick, nearly black mass. On standing for some time at 
room temperature, a portion of the unsaponifiable matter sepa- 
rated as a solid. The solid material was isolated by treatment 
with petroleum ether and weighed 11.2 gm. From this substance 
a- and §-leprosol were isolated as described in Paper XLV of this 
series (2). Lack of time has prevented further examination of 
the unsaponifiable matter. 

Water-Soluble Carbohydrate—This fraction was isolated from 
the aqueous solution, after the fatty acids had been extracted, 
by means of basic lead acetate and ammonium hydroxide. It 
gave no reduction with Fehling’s solution until it had been boiled 
for several minutes with dilute sulfuric acid. The substance, 
which probably contained trehalose, was dissolved in 2 ce. of 
water and the solution was diluted with 8 cc. of absolute alcohol. 
After the solution had stood in a refrigerator for some time, large, 
colorless, rhombic crystals separated. The dried, powdered 
erystals melted at 98—100° and gave no depression when mixed 
with pure trehalose which melted at the same temperature. 
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Trehalose was the only water-soluble compound that could be 
isolated. No glycerol could be found. In fact, we have not 
found glycerol in the fats of any of the acid-fast bacteria but 
trehalose has been isolated previously from the acetone-soluble 
fat of the human tubercle bacillus (7). 

Separation of Fatty Acids—The fatty acids were converted into 
lead salts and separated into solid and liquid acids in the usual 
manner. ‘The solid acids weighed 93.8 gm. and the liquid acids 
weighed 88.4 gm. 

Isolation of a Phenolic Substance from Aqueous Solution after 
Fatty Acids Had Been Precipitated As Lead Salts—TVhe aqueous 
solution, after the lead salts had been filtered off, was acidified 
with hydrochloric acid and extracted with ether. The ethereal 
solution, after being washed with water, dried over sodium 
sulfate, and filtered, was evaporated to dryness. The partly 
crystalline residue weighed 0.69 gm. The oily portion was re- 
moved by treatment with a mixture of benzene and petroleum 
ether, thus leaving 0.18 gm. of crystalline material. The sub- 
stance was soluble in warm water. The solution was neutral 
in reaction and gave no coloration with ferric chloride. The sub- 
stance was readily soluble in ether and could be removed from the 
ethereal solution by extraction with aqueous alkali. The alkaline 
solution was concentrated and acidified with hydrochloric acid, 
whereupon 0.1 gm. of an amorphous solid separated. When 
heated under reduced pressure, a portion of the substance sub- 
limed at 100-130°, separating on the cool part of the apparatus 
in crystalline form. The crystals, which weighed 40 mg., were 
recrystallized three times from benzene by the addition of petro- 
leum ether. The purified substance weighed 14 mg. and melted 
sharply at 105~-106°, solidified at 98°, and remelted at 105-106°. 


Analysis? — 2.497 mg. substance gave 2.10 mg. H.,O and 6.46 mg. CO, 
Cu4H»O, (238). Calculated. C 70.56, H 9.28 
Found. ** 70.56, ** 9.41 


Hydroxyl determination by the method of Stodola (9) indicated 
the presence of two OH groups. 
Molecular Weight—0.448 mg. of substance dissolved in 4.506 


? We are indebted to Dr. F. H. Stodola for this and many other micro- 
analyses. 
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mg. of camphor gave a depression of 17°. Found, molecular 
weight 228. 

The further investigation of this substance must be deferred 
until some future time when more material is available. 

Solid Fatty Acids—The solid fatty acids were converted into 
methyl esters, the yield being 96.3 gm. This material was com- 
bined with the similar fraction obtained from the free fatty acids 
and separated by fractional distillation as will be described later. 

Liquid Fatty Acids—The liquid fatty acids had an iodine 
number of 63.8 and were of dark brown color. The material was 
dissolved in alcohol and the solution was treated repeatedly 
with norit until most of the coloring matter had been removed, 
after which the acids were reduced with hydrogen in the presence 


TABLE I 
Fractionation of Methyl Esters of Solid Fatty Acids 


f 


Fraction No. | ee of | Pressure Melting point | Weight 
°C. mm. | gm. 

l 155-156 About 1 | 28-29 57.0 

2 156-160 | 28-29 21.9 

3 160-175 36-37 | 18.1 

4 175-180 | 45-46 15.8 

5 180-195 0.001 | §2-82.5 13.1 
Residue | | | 6.4 


of platinum oxide. The lead soap-ether treatment was repeated 
and there were obtained 65.0 gm. of solid reduced acids and 18.8 
gm. of liquid saturated acids. 

Considerable losses were inevitable in the various operations 
with the fatty acids. The highly pigmented material removed 
from the fatty acids and from the methyl esters by treatment with 
norit, after elution with chloroform, formed a black, tarry mass 
weighing about 8.8 gm. This material, which was of such a na- 
ture that further chemical examination of it appeared fruitless, 
was set aside. 

Fractionation of Esters of Solid Fatty Acids—The esters of the 
solid fatty acids obtained from the free acids, 36.2 gm., and those 
obtained from the neutral fat after saponification, 96.3 gm., were 
combined and fractionated through a modified Widmer (10) 
column into five fractions and a residue, as shown in Table I. 
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The five fractions were subjected to repeated refractionations 
until apparently pure esters were obtained. The pure esters were 
saponified and the free acids were recrystallized. In the interest 
of economy of space the various operations are not described in 
detail. 


TaBLe II 
Solid Fatty Acids from Acetone-Soluble Fat 
Ester fractions Fatty acids 
tion Melti | Melt- — 
No Weight Ny i Remarks 
tion 
1 0.7 4-5 | 1.4325, at 24° 38-39 | Impure; containing 
| some acid lower than 
myristic acid 
2 3.5 | 17-18 | 1.4280, ‘‘ 55° |54-55' 228 | Myristic acid 
3 28.8 | 28-29 | 1.4271, ‘‘ 55° (62-63) 256 | Palmitic ‘‘ 
4 9.0 | 38-39 | 1.4317, ‘‘ 55° (68-69 284 | Stearic ‘‘ 
5 0.8 | 45-46 72-73 316 | Slightly impure ara- 
chidic acid 
6 1.6 | 52-53 | 1.4862, ‘‘ 55° |75-76 346 | Slightly impure behenic 
acid 
7 6.2 | 54-55 | 1.4350, ‘* 55° |77-78 356 | Probably mixture of Cee 
and Cy acids 
8 0.8 | 58-59 | 1.4360, ‘‘ 60° 85-86 369 | Tetracosanoic acid 
i] 0.4 Iodine No. 69.3 34-35 343 | Slightly impure erucic 
acid 
10 1.6 - ee Oil | 354 | Either tricosanoic acid 
10-a | By catalytic reduction of (10) 77 357 or mixture of Cy and 
Cu acids 
ll 1.3. Ester residue [a]> = '76-78 412 | New unidentified acid 
| +2.0° 
12 0.9 | Ester residue [a]p = (64-65 510 
+4.6° 


— 


The properties of the esters and of the fatty acids are given in 
Table II. The esters having melting points higher than that of 
methyl stearate were purified not only by fractional distillation 
but by repeated crystallization from acetone until the melting 
point remained constant. 

From the less volatile portions of Fractions 3, 4, and 5 a small 
amount of unsaturated esters was isolated which even after 
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numerous redistillations could not be separated into definitely 
pure fractions. The esters were therefore saponified and attempts 
were made to separate the free acids by means of crystallization 
from glacial acetic acid, by fractional precipitations of the potas- 
sium salts, and by fractionation of the lead salts, but the results 
were not very satisfactory. 

The purest acid obtained approached in properties those of 
erucic acid, m.p. 34-35°, iodine number 69.3, molecular 
weight 343. | 

Many fractions were obtained, however, which had lower 
iodine numbers. One of these fractions was a thick oil, iodine 
number 66.7, molecular weight 354. This product on catalytic 
reduction yielded an acid which crystallized in thin colorless 
plates, m.p. 77°, molecular weight 357. Repeated recrystalliza- 
tions from acetone caused no change in properties. 


Analysis — Co3H (354). Calculated. C 77.96, H 12.99 
Found. 


The above values agree with those of a tricosanoic acid. It 
is, however, more likely that we were dealing with a mixture of 
docosanoic and tetracosanoic acids. 

First Ester Residue—The residue remaining after the first distil- 
lation of the esters, 6.4 gm., was a dark brown solid. The sub- 
stance was dissolved in 30 cc. of warm acetone and the solution 
was allowed to cool to room temperature, whereupon a fine 
globular powder separated. After three reprecipitations in the 
same manner, a slightly yellowish powder weighing 2.5 gm. was 
obtained, m.p. 52°. 

The mother liquors on evaporation to dryness left a dark brown 
solid weighing 3.9 gm. which was not further examined. 

The powder mentioned above was separated into a top and a 
bottom fraction as follows: The substance, after being decolorized 
with norit, was reprecipitated five times from acetone and gave 
0.95 gm. of a white powder, m.p. 57-58°. Two further precipi- 
tations from acetone gave 0.9 gm. of the top fraction, m.p. 57—-58°, 
[a] = +4.6°. The bottom fraction was obtained on the evapo- 
ration of the mother liquors from the top fraction. 

Saponification of Top Fraction—The top fraction was saponified 
and the free acid after being isolated was precipitated from ace- 
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tone until the melting point remained constant at 64-65°. The 
acid was a white amorphous powder which weighed 0.8 gm. 
[a] in CHCl = +4.3°. The molecular weight by titration 
was 510. | 

Analysis — Found. C 79.16, H 12.86 


This acid is no doubt an impure mixture, because the composi- 
tion does not agree with any acid having a molecular weight of 
510. 

Saponification of Bottom Fraction—The bottom fraction was 
saponified and the free acid was purified as described for the top 
fraction. The acid was a white amorphous powder which weighed 
0.9 gm., m.p. 76-78°, [a]?° in CHCl; = +2.0°. The molecular 
weight by titration was 412. — 


Analysis — Found. C 78.49, H 13.18 


This acid was most probably a mixture. 

Although the acids from both the top and bottom fractions 
were not obtained in definitely pure form, the results show, never- 
theless, that the ester residue yielded optically active acids on 
saponification. The optical activity would indicate that the 
acids had branched chains, since the analytical values suggest 
that they are not hydroxy acids. The high melting points of 
the acids show that the acids differ in constitution from phthioic 
acid (4, 6) obtained from the human tubercle bacillus, although 
the percentage composition is very similar. 

Reduced Fatty Acids—The solid fatty acids obtained after cata- 
lytic reduction of the liquid fatty acids, 65.0 gm., were combined 
with the reduced acids, 30.9 gm., obtained from the free fatty 
acid fraction and the mixture was converted into methyl esters. 
The crude esters formed a dark colored, semisolid mass which 
weighed 97.6 gm. The esters were fractionated at a pressure of 
about 2 mm., as described under the solid fatty acids, into the 
fractions given in Table III. 

Fractions 1 to 5 were repeatedly fractionated by distillation at 
& pressure of about 2 mm. through a modified Widmer column 
until apparently pure esters were obtained. The purified esters 
were saponified and the free acids were isolated and recrystallized. 

During the redistillation of Fraction 1 a trace of an ester pos- 
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sessing a pleasant odor was collected in a trap cooled to —80Q° 


inserted between the receiver and the vacuum line. 


The amount 


of this ester was so slight that no attempt at identification could 


be made. 


The next fraction, 0.4 gm., was an oil which melted at about 
1°, hence it must have contained esters of acids lower than 
myristic. No pure acid could be isolated from this fraction. 


TaBLeE III 
Fractionation of Esters of Reduced Fatty Acids 
Fraction No. — Weight | Description 
«A gm. 
1 165-170 26.4 | Colorless oil 
2 170-175 Partly crystalline 
3 175-180 | 22.0 Colorless crystals 
4 180-190 | 19.5 48 
5 190-200 4.3 Faintly yellowish crystals 
Residue | 10.4 Dark brown solid 
TaBLeE IV 
Composition of Reduced Fatty Acids 
Acid ng Weight uced 
"C. gm. per cent 
1 Lower than myristic 0.3 0.3 
2 Myristic 54-55 4.0 4.0 
3 Palmitic 62-63 24.0 24.5 
4 Stearic 69-70 55.3 56.6 
Higher acids | 13.7 14.0 
5 Eicosanoic (?), C2:H 75-76 From ester Fraction 5 
6 Pentacosanoic (?), CosHsoO, | 80-81 residue on 
| | first distillation 


The balance of Fractions 1, 2, 3, 


state, palmitate, and stearate. 


and 4 yielded methyl myri- 


Fraction 5 was purified not only by distillation but also by 
repeated crystallization from acetone until the melting point 


remained constant at 52-—53°. 


The ester residue from the first distillation was crystallized 
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repeatedly from acetone until the melting point was constant 
at 56-57°. 

From the amounts of ester fractions obtained and their refrac- 
tive indices the composition of the total esters of the reduced 
acids was calculated as indicated in Table IV. 

The acid Fractions 2, 3, and 4 (Table IV) were identified by 
means of melting points and refractive indices of the esters, and 
the free acids by melting points plus mixed melting points as 
well as by titration values. 

The purity of acid Fractions 5 and 6 is doubtful. The data 
obtained agreed with the formulas suggested in Table IV. Acid 
Fraction 5 was obtained from the purified ester Fraction 5, m.p. 
52-53°. The free acid crystallized from acetone in thin colorless 
plates, m.p. 75-76°; molecular weight by titration 329. Acid 
Fraction 6 was obtained from the purified ester residue from the 
first distillation. The ester crystallized from acetone in very 
thin colorless plates, m.p. 56-57°. The free acid separated from 
acetone in the form of small, rather dense particles which showed 
no crystalline structure, m.p. 80-81°, molecular weight by titra- 
tion 382. 

Although the higher acids could not be definitely identified, 
the results show clearly that acids higher than stearic acid were 
present among the reduced acids. 

liquid Saturated Fatty Acids—The liquid saturated fatty acids 
from the neutral fat, 18.8 gm., were combined with the corre- 
sponding fraction isolated from the free fatty acids, 8.8 gm., and 
treated repeatedly with norit in alcoholic solution until nearly 
colorless. The acids were recovered and converted into methyl 
esters which after further treatment with norit yielded 22.6 gm. 
of esters. 

The crude esters were separated by fractional distillation 
through a modified Widmer column at about 2 mm. pressure into 
three principal fractions; 7.e., a lower (b.p. below 100°), a middle 
(b.p. 130-150°), and a higher boiling fraction (b.p. 160-200°). 
The esters were further purified by repeated fractional distilla- 
tions, those fractions having similar boiling points, optical ac- 
tivity, and refractive indices being combined. A considerable 
amount of very dark colored residue remained on the first distil- 
lation but was not further examined. 
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The purified esters were next saponified and the free acids were 
converted into lead salts. The lead salts on treatment with 
ether left small amounts of ether-insoluble lead salts from which 
solid crystalline acids were obtained, apparently mixtures of 
palmitic and stearic acids that had not been completely removed 
in the first lead salt-ether separation. 

The free acids recovered from the ether-soluble lead salts from 
the middle fraction, which represented the principal portion of 
the acids, were separated into several fractions by means of the 
Twitchell lead salt procedure. The alcohol-insoluble and the alco- 
hol-soluble lead salts obtained inthis separation were easily soluble 
in ether and yielded acids that varied decidedly in optical rota- 
tion. 

Some of these acids were further fractionated by means of their 
barium salts, but the only separation that could be effected con- 
cerned optical activity. 

The results obtained with the branched chain fatty acids are 
summarized in Table V. A number of carbon and hydrogen 
determinations were made on the acids of the middle fractions. 
The results were in agreement with the formula Cy9H3sQ3z. 

It was noted in every case that the rotations of the free acids 
were lower than those of the esters. No claim to purity of any 
of the acid fractions can be made; in fact, the properties ob- 
served indicate clearly that we were dealing with mixtures. 
Nevertheless the results are definite on certain points, as mentioned 
below. 

1. The acetone-soluble fat of the leprosy bacillus contains a 
series of new acids that are optically active. These acids are 
saturated compounds and presumably possess branched chains. 

2. All of these acids give lead salts which are very easily soluble 
in ether. 

3. The acids can be separated by fractional distillation of their 
methyl esters into (a) a small amount of low boiling esters, (b) 
a larger quantity of a middle fraction, and (c) a small amount of 
a high boiling fraction. 

4. The acids isolated from the low boiling ester possess a molec- 
ular weight close to that of palmitic acid, CysH32Qr. 

5. The acids isolated from the middle fraction have the molec- 
ular weight corresponding to an acid having the formula Ci,H3sO:. 
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This acid can be separated into a number of fractions which show 
considerable variation in optical rotation. Those fractions hav- 
ing the higher rotation possess the higher melting point. It is 
therefore probable that a number of isomeric Cy, acids are pres- 
ent and that the differences in dextrorotation and melting point 
depend upon the position of the branch in the chain. 


TABLE V 
Liquid Saturated or Branched Chain Optically Active Fatty Acids from 
Leprosy Bacillus Fat 
| 


| Mol. 


| 
| Melting | wt. by Approximate 
Description | Weight point | [@]p titra- he 
tion 
gm. degrees 


1. Acids from low boiling 
0.52 Oil +1.2 250 Ciy6H 3202 

2. Acids from middle esters 
(a) Acid from benzene- 
methyl! aleohol-solu- 


ble barium salt...... 1.2 28-30 +1.48, 300 | CisHs,02 
(b) Acid from alcohol- 

soluble lead salt..... 2.0 | 29-30 |+0.85, 297.4 a 
(c) Acid from alcohol-in- | 

soluble lead salt..... 2.0 | Partly +0.53 298 ws 


liquid | 

(d) Acid from ester frac- | 
tion, [a]p, +0.5°, nb | 
1.4438, b.p. 145-153°..; 1.2 | “ (40.24) 298.7 

3. Acids from higher boiling | | 
esters | 


(a) Acid from alcohol-in- 
soluble lead salt.....| 0.9 312 | Probably mix- 
ture of Cis 
and C., acids 
(b) Acid from alcohol- | | 
soluble lead salt...... 1.6 | 337.2 CoH uO: 


6. The acids isolated from the higher boiling ester fractions 
possess a higher molecular weight and correspond approximately 
to a docosanoic acid, CogH44Or. 

7. The optically active branched chain acids obtained from the 
leprosy bacillus fat are all different from the analogous acids 
previously isolated from the human tubercle bacillus. 
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SUMMARY 


1. An investigation has been made of the chemical composition 
of the acetone-soluble fat of Bacillus lepre. 

2. The crude fat was found to be a complex mixture of free 
fatty acids and neutral fat. 

3. The neutral fat consisted apparently of fatty acid esters of 
the disaccharide trehalose. No glycerol could be found. 

4. The fatty acids were composed of ordinary solid saturated 
acids, unsaturated solid acids, unsaturated liquid acids, and satu- 
rated, optically active, branched chain acids. 

5. Three different substances possessing phenolic properties 
were isolated. 

6. The ordinary saturated fatty acids were represented by 
caproic, myristic, palmitic, stearic, arachidic, behenic, and tetra- 
cosanoic acids. Certain new optically active higher acids were 
also present but could not be definitely identified. 

7. Among the unsaturated acids examples of Cys, Cis, Cis, Ceo, 
Coo, and apparently Cz; and Cos were found. 

8. A series of new dextrorotatory, branched chain, saturated 
acids apparently of the Cis, Cis, and Cy series was isolated. 
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THE BUTYL ALCOHOL-ISOPROPYL ALCOHOL 
FERMENTATION 


By O. L. OSBURN, R. W. BROWN, anno C. H. WERKMAN 


(From the United States Agricultural By-Products Laboratory and Depart- 
ment of Bacteriology, Iowa State College, Ames) 


(Received for publication, May 15, 1937) 


In a previous communication from this laboratory (11) the 
influence of the nitrogenous substrate on the production of butyl 
and isopropy! alcohols was discussed. During the course of that 
work, the observation of important differences in metabolism 
between Clostridium butylicum and Clostridium acetobutylicum 
stimulated the present more extensive investigation of the bio- 
chemical processes involved in the butyl alcohol-isopropy] alcohol 
fermentation. 


EXPERIMENTAL | 


The culture of Clostridium butylicum used in this investigation 
was sent to one of the authors (C. H. W.) by Professor A. J. 
Kluyver, Delft, Holland, and is the one isolated by Beijerinck 
(2) and later used by van der Lek (8). 


Medium and Culturing 


Fermentations were carried out in a basal medium of 2 per cent 
glucose with 0.7 per cent peptone, 0.2 per cent Difco yeast extract 
(powder), and 0.1 per cent dipotassium phosphate. 3 week-old 
spore cultures immersed in boiling water for 2 minutes served as 
inoculum. 1 cc. of the suspension was used for each 300 ec. of 
medium inoculated. Air in the flasks was displaced by nitrogen. 


Analytical Methods 


Glucose was determined by the official Munsen and Walker 
method (10). Butyl, ethyl, and tsopropyl alcohols were determined 
by the method of Stahly, Osburn, and Werkman (15). Formic 
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acid was determined by the method of Auerbach and Zeglin (1), 
and total volatile acids by the method of Osburn, Wood, and 
Werkman (12) for formic, acetic, and butyric acids. 

Non-Volatile Acids—The lactic acid was determined by the 
method of Friedemann and Kendall (4), following ether extraction 
from anhydrous sodium sulfate. 

Pyruvic acid is much more volatile with steam than lactic acid 
and is difficult to collect in any definite fraction during the analyt- 
ical procedure. In the absence of formic acid, the alcohols may 
be distilled from 100 ce. of the liquor, and after acidification of the 
residue, the pyruvic acid can be extracted with ether by wet 
extraction and estimated by the method of Johnson, Peterson, 
and Fred (6), or in the presence of formic acid, by Wendel's 
method (16) or Messinger’s method as modified by Goodwin (5). 

Carbon Dioxide and Hydrogen—The mixture of gases was col- 
lected over water saturated with carbon dioxide and sodium 
chloride. Two sets of fermentations were made. After fermen- 
tation was complete, the gas was forced through a series of three 
Bowen potash bulbs, containing 40 per cent potassium hydroxide, 
and weighed. The hydrogen was determined by oxidation with 
copper oxide wire fragments at 300° and a slow current of air. 
The water formed was absorbed in a combination sulfuric acid 
and calcium chloride absorption apparatus and weighed. Air 
was then bubbled rapidly through the fermentation liquor to 
remove gas from the solution and the apparatus. Blanks for 4 
and 5 hour periods with dried air never exceeded 5 mg. Residual 
carbon dioxide was always determined gravimetrically on an 
aliquot part of the fermentation liquor. 

Intermediary Products of Butyl-Isopropyl Alcohol Fermentation— 
None of the postulated intermediary products of the butyl- 
isopropyl alcohol fermentation has been isolated. In the present 
investigation the experiments have been carried out under two 
sets of conditions designated as (a) normal fermentations, in which 
the fermentation of glucose occurred in the basal medium de- 
scribed above, and (b) neutralization experiments, in which sodium 
bicarbonate was added during the early stages of fermentation. 

Normal Fermentations—The data in Table I show the end- 
products of glucose fermentation by Clostridium butylicum in 
seven experiments in which 300 ec. of 2 per cent glucose were fer- 
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mented in each flask. The products, with the exception of hydro- 
gen, are in essential agreement both qualitatively and 
quantitatively with those found by van der Lek (8). Formie, 
pyruvic, and lactic acids were absent in all of the experiments 
shown in Table I. 


Attempts to isolate acetaldehyde were consistently negative. 


6 gm. of glucose in 2 per cent solution were fermented until about 
20 per cent of the glucose was fermented. Then sodium bisulfite 


(1 per cent solution) was added in various concentrations (0.02 to 


TABLE I 

Fermentation of Glucose by Clostridium butylicum in 2 Per Cent Solution with 
0.7 Per Cent Peptone, 0.2 Per Cent Yeast Extract, and 0.1 Per Cent 
Dipotassium Phosphate 


Products per 100 mm glucose fermented | 
— Alcohols | Acids | | —— | tion-re 
Carbon | Hydro-| ered | G¥ction 
| Isopro- | . | dioxide | — 

_ Butyl | pyi Ethyl ‘Butyrie Acetic | 

| ne | mw | ma | mM | mu | mM mM per cent — 
1 | 57.6 | 15.1 | 2.9 | 15.1 | 9.1 | 166.5 | 75.8 | 87.0 | 0.86 
2 | 66.6 | 15.1/ 0 | 6.1] 21.2] 197.0] 72.7| 95.0 | 1.02 
3 | 58.6 | 12.1 | O | 17.2) 17.2 | 23.5) 77.6) 96.3 | 1.06 
4 54.6 | 15.1 | 2.9 | 18.2 | 12.1 | 200.0 | 983.5 | 0.93 
§ | 65.5 | 13.8 | 2.3 | 13.8) 10.3} 189.5} 86.2] 95.6 | 0.90 
6 | 50.2 | 18.0) O | 14.5 | 20.3 | 207.0 / 111.1] 93.5 | 1.05 
7 | 54.1 18.0 O 15.5 | 12.9 | 222.0 | 107.0 | 96.2 | 1.08 


* Ratio of oxidized to reduced products; a perfect ratio = 1.0 (ef. Erb, 
Wood, and Werkman (3) for method of calculation). 


0.25 per cent) and fermentation allowed to proceed. In one series 
of four flasks the excess sodium bisulfite was titrated with iodine, 
sodium bicarbonate was added in excess (4), and the solution was 
again titrated with iodine. It is known that under these con- 
ditions the sodium bisulfite-aldehyde complex is dissociated and 
the second iodine titration will show the presence or absence of 
aldehyde. Another series was treated with sodium bicarbonate, 
heated to 70°, and aerated. The air from the flasks was passed 
through sodium bisulfite absorption towers. These experiments 
were repeated three times. No trace of aldehyde could be de- 
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tected. Escherichia coli gave yields of fixed aldehyde ranging 
from 15 to 25 mm of aldehyde. Dimethyldihydroresorcinol 
(dimedon) was also used. After fermentation, the solutions were 
centrifuged and the sediments extracted with ether. No alde- 
hyde was fixed in any of the experiments. 

The fixation of pyruvic acid by means of semicarbazide was 
questionable, although cloudy suspensions were obtained at times; 
in the light of later experiments these results may be considered 
positive. The method described by Kostytschew, Gwaladse, 
and Eliasberg (7) was used. - 

Isolation of Methylglyoxal—Samples taken during the early 
stages of a normal fermentation sometimes gave with 2,4-dinitro- 
phenylhydrazine small amounts of precipitate which showed the 
deep blue color with alcoholic potassium hydroxide characteristic 
of methylglyoxal (9). To confirm these indications, the organism 
was grown in 12 liters of broth, removed from suspension with 
the supercentrifuge, and suspended without washing or drying 
in 200 ec. of 1 per cent sodium hexosediphosphate solution. One 
series of experiments was buffered at pH 6.0 with dipotassium- 
dihydrogen phosphate mixture; to another set, sodium bicarbonate 
was added. Toluene (10 ec.) was added to each flask and the 
flasks were incubated at 37° for 20 hours. Samples were removed 
(50 ec.), treated with 2 gm. of trichloroacetic acid, centrifuged, 
and 25 ec. of 2,4-dinitrophenylhydrazine were added. ‘The solu- 
tions immediately became turbid and after 30 minutes the floe- 
culent precipitate was filtered in a Gooch crucible. The precipi- 
tate was thoroughly washed with 2 N hydrochloric acid, then with 
25 per cent sodium carbonate, and finally with aleohol. Warm 
nitrobenzene (60°) was poured through the crucible to dissolve 
the precipitate and the compound was thrown out of solution by 
the addition of ethyl alcohol. The compound gave the color 
reactions of methylglyoxal-bis-2,4-dinitrophenylhydrazone and 
melted sharply at 297.5°, as given by Pett and Wynne (13). In 
a further experiment, the organisms were added to 200 ce. of 1 
per cent glucose solution buffered at pH 6 with phosphate mixture 
and incubated at 37° for 24 hours in the presence of toluene. 
Methylglyoxal was isolated, although the yield of 2,4-dinitro- 
phenylhydrazone was small (0.2 gm. from 2 gm. of glucose). 

Further study was made of the intermediary course of the fer- 
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mentation by inoculating 5 liters of 2 per cent glucose medium and 
withdrawing samples at intervals during the fermentation, as 
shown in Table II. The oxidation-reduction indexes were caleu- 
lated by the method of Erb, Wood, and Werkman (3). The 
glucose fermented and products formed are given in mM in the 
upper section of Table II. For clearer comparison, the data in 


TABLE II 
Serial Analyses of Glucose Fermentation by Clostridium butylicum 


| Alcohols Acids | Car- Oxida- 
time Butyl Ethyl Butyrie’ Acetic ered mad 
' Products in mM 

hrs. | mw mM mM mM | mM | mM | mM mM 

60 (119 | 80 | 1.44! 5.6 
21 (122 30 21 3 20 60 (243 140 LOO 1.09 5.5 
26 | 192 108 35 2 194 100 (0.86 5.6 
31 276 40 40 50 (802 i240 | 91.5 0.94 5.5 
37 | 350 196 | 5O 60 | 65 (679 (290 | 92 | 1.01) 5.4 
44 | 420 226 65 70 91.1 0.92) 5.2 
54 458 2500270 80 80 790 (400 90.4 0.89 5.0 
72 | 491 270 | 80 | 80 900 (450 91.6 0.93 4.7 


Products calculated per mole glucose fermented 


1 0.18 0.13 0.03 0.33 0.99 1.95, 1.31 
21 0.41) 0.17; 0.03; 0.16) 0.58 1.99) 1.15 
26 1 0.56 0.18 0.01 0.16 0.36 1.8 1.01 
31 0.57; 0.15 | 0.15) 0.18) 1.82) 0.87 
37 0.56 0.14) 0.17) 0.16, 1.94; 0.83 
44) 0.54 0.15 0.19 0.17, 1.76; 0.838 
54) (0.55) (0.15 0.17; 0.18} 1.72} 0.87} | 
72) 1| 0.55 0.16, | 0.17 0.16 1.83 0.92 | 


the lower section of Table II present the data of the upper section 
calculated to fractional moles of products per mole of glucose 
fermented. These data may be regarded as the rates of formation 
of products with respect to glucose fermented. In the early 
stages of fermentation, the rate of acid production, in terms of 
ehcose fermented, is much higher than the average for the fer- 
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mentation. During the first 16 hours the organisms grew rapidly. 
Approximately 1 mole of acetic acid and 0.3 mole of butyric acid 
were being produced per mole of glucose fermented. From 16 
to 26 hours there was rapid formation of alcohols with a corre- 
sponding decrease in the rate of accumulation of butyric and acetic 
acids. The formation of butyl alcohol by the reduction of butyric 
acid, and of acetone by the condensation of acetic acid to aceto- 
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Fic. 1. Titration curves for acetic acid-sodium acetate mixtures. Curve 
I, 1 N acetic acid titrated with 1 N sodium hydroxide; Curve II, Back 
titration of the mixture (Curve I) with 1 N acetic acid. 


acetic acid followed by decarboxylation, appears to be generally 
accepted. Isopropyl alcohol is apparently formed by the reduc- 
tion of acetone. 

Neutralization Experiments—Further light is thrown on the 
course of the butyl-isopropyl alcohol fermentation by the addition 
of sodium bicarbonate to the flasks during the early stages of 
fermentation. The work of Reilly et al. (14) with Clostridium 
acetobutylicum shows that the salts of the volatile acids formed 
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are not converted to alcohols or acetone. The addition of calcium 
carbonate to fermentations by Clostridium butylicum does not 
appreciably influence the yield of butyl and isopropyl alcohols. 
Formation of alcohols begins at much lower concentrations of 
acid in the butyl-isopropyl! alcohol fermentation than in the butyl 
alcohol-acetone fermentation; consequently the pH of the mash 
is not low enough for the free, dissociated acids to react with 
calcium carbonate. In order to prevent the formation of free 
acid and still keep the pH sufficiently low to prevent serious inter- 
ference with the metabolism of the organisms, it is necessary to 
know the pH at which “‘free’’ (fermentable) acid ceases to exist in 
mixtures of acetic and butyric acids and their sodium salts. In 
Fig. 1, Curve I is the titration curve for 20 ec. of 1 N acetie acid 
in 250 cc. of water titrated with 1 N alkali. Curve II was obtained 
by back titration with acetic acid. The significance of these two 
curves is that in mixtures of acetic (or butyric) acid and its sodium 
salt below pH 6.3 there will be “free’’ acid or acid which can be 
distilled out of the solution or which can be converted to alcohols 
by Clostridium butylicum. 

In these titrations the pH was determined at intervals of 0.1. 
It is probable that Curve II begins to deviate very slightly at 
about pH 7.0, but that this deviation does not become apparent, 
under the conditions stated, until at about 6.3, rather than making 
a sharp break at any definite pH. Higher concentrations of 
sodium acetate or butyrate may give slightly different curves. 
The curves for butyric acid coincide so closely with those for acetic 
acid that they are not included in Fig. 1. It is known that un- 
dissociated acid is present in solutions of sodium acetate or sodium 
butyrate even at a pH as high as 8.5, but such acid is not available 
for the action of the microorganism. This is shown in the experi- 
ments of Table III. In these experiments flasks containing 2 per 
cent glucose were inoculated, and after growth had become vig- 
orous (14 hours), an 8 per cent solution of sodium bicarbonate was 
added, rapidly at first, then gradually until an amount of bicar- 
bonate had been added equal in weight to the glucose being fer- 
mented. In this way the pH was maintained between 6.5 
and 7.2. 

Formic and pyruvic acids did not always accumulate in solu- 
tion in the presence of sodium bicarbonate. Lactic acid was 
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always present under these conditions but was never found when 
sodium bicarbonate was not added. 

The data in Table III show an almost complete suppression of 
butyl and isopropyl alcohols. Lactic acid is formed at the rate 
of 378 to 602 mm per mole of glucose fermented and in Experiment 
2 there are 120 mm of pyruvic acid per mole of glucose fermented. 
Formic acid ranges from 0 to 478 mm per mole of glucose fer- 
mented. Owing to the accumulation of lactic acid, the formation 
of acetic and butyric acids was low but the ratio of acetic acid to 
butyric acid was well within the limits of the ratios of 2- to 4 


TABLE III 


Fermentation of 2.0 Per Cent Glucose by Clostridium butylicum in Presence of 
Sodium Bicarbonate, 0.7 Per Cent Peptone, 0.2 Per Cent Yeast Extract, 0.1 
Per Cent Dipotassium Phosphate 


Products calculated per 100 mM glucose | 
Ex- | | Care Oxida- 
ment Alcohols Acids | recov pH 
oO. ered 
| | index 
Butyl Acetic | Lactic | | | | 
mu | mw | mu | mw mu | mu | mu) | mu | PO 
1 | 3.0; 0 24.0) 3.0, 43.5 0 | 135.0) 135.9 91.7 1.06 7.2 
2 | 3.0 | 3.0 | 51.0) 33.0 12.0, 37.8 0 138.0) 150.0 96.5 1.05) 7.1 
3 | 5.4| 1.8 | 33.7, 27.0, 11.2 56.2 27.0 91.5 87.4 89.4 1.21 6.7 
4 | 6.7 | 1.9 | 30.6 35.4) 7.6, 60.2 47.8 74.6 92.0, 1.35) 6.9 


earbon compounds of normal fermentations (7. e. 2 * isopropyl 
alcohol + acetic acid + butyl aleohol + butyric acid). 

The results of an experiment which shows the formation of the 
products during the course of fermentation in presence of sodium 
bicarbonate are given in Table IV. 10 liters of broth containing 
186 gm. of glucose were inoculated with a spore culture and in- 
cubated at 37°. After 17 hours a sample was withdrawn for 
analysis, and 500 cc. of 10 per cent sodium bicarbonate were added 
to the fermentation flask. After the second sample was with- 
drawn, 1 liter of sodium bicarbonate solution was added, and 400 
cc. more were added after the third sample was taken, making in 
all, the addition of 190 gm. of bicarbonate. The formation of 
products and the pH values are shown in Table IV. Before the 
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addition of bicarbonate, neither lactic acid nor formic acid was 
produced. Pyruvic acid could not be detected (sodium nitro- 
prusside reaction) in this experiment. The yield of isopropyl 
aleohol did not rise appreciably after the addition of sodium bi- 
carbonate but the quantity of butyl alcohol was nearly doubled. 

Identification of Pyruvic Acid—Flasks containing 300 cc. of 2 
per cent glucose, 0.7 per cent peptone, and 0.2 per cent yeast 
extract were inoculated with spore cultures. After 16 hours, 
sterile (Seitz filter) sodium bicarbonate solution was added until 
pH 7.0 was reached. The solution was then added intermittently 


IV 
Fermentatibn of Glucose by Clostridium butylicum in Presence of Sodium 
Bicarbonate* 


Four samples were withdrawn for analyses during fermentation. The 
glucose fermented and products formed are expressed in mm. Glucose 
added, 186 gm.; glucose fermented, 158 gm. 


=} 
Fer- Alcohols Acids | Car- | Car- | Oxida- 
tation | men- | | Iso- | For- | | Bu- | | di- | =) | Fecov- duction P 
time | ‘ted Butyl lpropyl| mic Acetic | tyrie Lactic | oxide ered | index 
| | 
Ars. mM mM + #mM mM mM mM mM 
| | cent 


17 237 115 65 0! 38 38| 0, 447 309 | 93.5, 0.86 | 4.6 
25 | 382 70 | 152 72, 100, 610, 380 | 92.5; 1.01 | 6.2 
36 574 139-7295 206-148 200, 801, 600 1.01 6.7 
72 878 209° 75 152 185 | 276 | 350 1080) 853 91.5, 0.95 | 7.2 


* The sodium bicarbonate was added after 17 hours. 


to maintain the pH near 7.0. The glucose was completely fer- 
mented after 72 hours in each experiment. The solutions were 
cleared with lead acetate and sodium carbonate or with trichlo- 
roacetic acid and centrifuged. A 2,4-dinitrophenylhydrazine 
solution was added to the clear liquors. The bright yellow pre- 
cipitates of pyruvic acid 2,4-dinitrophenylhydrazone formed 
within 10 minutes and were separated in the centrifuge, washed 
with water, dissolved in sodium carbonate solution, and filtered 
through an asbestos filter. The hydrazone was reprecipitated by 
acidifying the filtrate with acetic acid. One repetition of this 
purification gave a compound which melted at 212.5°; literature, 
213°. The mixed melting point was 212°. The p-nitrophenyl- 
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hydrazone had a melting point of 218.8°; the literature gives 219- 
220°. Mixed melting point, 218.7°. 

Identification of Lactic Acid—The volatile acids were steam- 
distilled and the residue neutralized and evaporated to small 
volume. The pH was adjusted to 4.0 and the residue taken up in 
anhydrous sodium sulfate and extracted 12 hours with ether. 
The ether was evaporated and the residue taken up in water and 
filtered through norit. Zine carbonate was added to the filtrate 
and the mixture was boiled gently for 10 minutes, and filtered. 
Zinc lactate crystallized out on evaporation of the filtrate. The 
salt was dried in an incubator at 37° to constant weight, after 
which 0.9411 gm. dried at 110° yielded 0.1713 gm. of water of 
crystallization, or 18.2 per cent. On ignition 0.2576 gm. of zine 
oxide was obtained, or 27.38 per cent of hydrated salt. Calculated 
values (3 molecules of water of crystallization) are 18.18 per cent 
water and 27.4 per cent zine oxide. 


SUMMARY 


The normal end-products of the fermentation of glucose by 
Clostridium butylicum (Beijerinck) Donker are butyl and isopropyl 
alcohols, carbon dioxide, hydrogen, and small quantities of acetic 
and butyric acids. 

In the presence of sodium bicarbonate, the formation of al- 
cohols was completely suppressed in some experiments, and in 
others, reduced to about one-fourth of the normal amount of 
butyl aleohol. The suppression of formation of isopropyl alcohol 
was more pronounced than that of butyl alcohol. Formic, acetic, 
butyric, lactic, and pyruvic acids accumulated in solution when a 
relatively large concentration of sodium bicarbonate was present. 
Methylglyoxal, pyruvic acid, and lactic acid were isolated and 
identified. 
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STUDIES ON SERUM PHOSPHATASE ACTIVITY* 
I. ASCORBIC ACID ACTIVATION ON SERUM PHOSPHATASE 


By 8S. J. THANNHAUSER, MAX REICHEL, anpb 
JEROME F. GRATTAN 


(From the Medical Clinic of the Boston Dispensary and Tufts College Medical 
School, Boston) 


(Received for publication, June 25, 1937) 


In the course of experiments concerning the enzymatic disin- 
tegration of various phosphoric esters, we found ascorbic acid to 
be an intensive activator of serum phosphatase. This observation 
gave rise to the question as to how high serum phosphatase values 
in pathological conditions are to be explained; whether high 
phosphatase values may be due to an increased amount of enzyme 
or whether they may indicate increased enzymatic activity. 

In this and in succeeding papers, experiments are presented to 
show that the mechanism of the action of serum phosphatase in- 
volves not merely enzyme and substrate but is performed by the 3 
action of a complex enzymatic system in which enzyme, cofactors, 3 
| oxidation-reduction potential, and substrate all play a part. 

Also, under other conditions a combined action of such an en- 
zymatic system may be significant for general pathogenesis, be- 
cause diseases may arise not only by an increase or lack of enzyme 
production, but also by an increase or lack of each of the factors 
involved in the enzymatic system. 

This paper deals with the characteristics of ascorbic acid activa- 
tion on serum phosphatase. It was necessary, in using the prop- 
erty of ascorbic acid activation on serum phosphatase for clinical 
investigations, to get basic figures for the performance of the reac- 
tion under different experimental conditions. 

In these experiments, only 8-glycerophosphate was used as a 
substrate. In addition, experiments were carried out to investi- 


* This study was aided by grants from the Bingham Associates Fund, 
the Charlton Fund, and the Rockefeller Foundation. 
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gate the serum phosphatase activity after ascorbic acid activation 
with different phosphoric esters; namely, lecithin, adenylic acid, 
and polydiaminophosphatide (sphingomyelin). 

It is known that ascorbic acid forms complex compounds with 
metallic salts. Therefore, serum phosphatase activity was studied 
by adding different metal salts alone and also in the presence of 
ascorbie acid. 


Methods 


Substrates—-As substrates we used sodium #-glycerophosphate, 
lecithin, adenylic acid, and polydiaminophosphatide (sphingo- 
myelin). The sodium §-glycerophosphate was made up in § 
per cent aqueous solution. 1 cc. contains 0.71 mg. of phosphorus. 

The method of Escher (1) was followed in the preparation of the 
lecithin solution. This procedure required agitation of the leci- 
thin for about 2 hours with physiological NaCl solution. A 2.5 
per cent solution of this substrate was employed. This would 
yield 0.65 mg. of phosphorus in 1 ce. if splitting were complete. 
The adenylic acid was made up in such concentration that 1 ee. 
of the solution contained 1 mg. of the acid. This solution was 
neutralized with 0.1 N NaOH. ‘Total splitting of the adenylic 
acid would produce (5 mg. of adenylic acid) 0.4467 mg. of phos- 
phorus. Polydiaminophosphatide (sphingomyelin) was used in a 
0.2 per cent colloidal solution (2). 5 ec. of this solution equal 
0.38 mg. of phosphorus. 

Enzyme Solution—Metallic salts were used in 1/750 mM concen- 
tration, sodium citrate being added in those tests involving either 
iron or copper to cause complex formation of metal salts and 
citrate with consequent prevention of hydroxide precipitation. 

Merck’s ascorbic acid was used throughout the work. The 
oxidized form of the ascorbic acid (dehydroascorbic acid) was 
prepared by bubbling oxygen for 4 hours through a solution con- 
re 1 mg. of the Merck product per ml. of redistilled water at 
pH 7.0. <A trace of FeSO,-7H.O was present to hasten oxidation. 
By tivation with iodine it was ascertained that oxidation by this 
method was about 90 per cent complete. 

Sodium veronal buffers (Michaelis (3)) were used throughout 
the experiments. Serum phosphatase could not be completely 
destroyed by heating to 80° for 1 hour. When thisheated serum 
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was used in an experiment for 24 hours, about 40 percent activity 
remained. As a control, in order to determine the influence of 
ascorbic acid on the enzymatic activity of serum phosphatase, a 
series of experiments with normal serum was carried out (Table I). 
These experiments show that normal activity is increased by as- 
corbic acid. After destruction of the enzyme with trichloroacetic 
acid, the addition of ascorbic acid was ineffective. Tests con- 


TABLE 
Influence of Ascorbic Acid on Normal Serum As Compared with Serum 
Previously Inactivated 
Temperature, 37°; pH 8.9; amount of serum used, 0.1 e¢.; time of hydrol- 
ysis, 1 hour; substrate, sodium 8-glycerophosphate. 


Split phosphorus 


| Ascorbic acid added, 5 mg. | 

1 | 0 | 2.9 
Immediate addition | 82.0 
_ Addition after destruction of enzymatic | 2.9 

activity with trichloroacetic acid | 
2 0 3.9 
Immediate addition 79.5 
Addition after destruction of enzymatic 4.2 

activity with trichloroacetic acid 

3 0 2.4 
Immediate addition 84.1 
_ Addition after destruction of enzymatic 3.0 


with trichloroacetic acid 
4 
Immediate addition 
Addition after destruction of enzymatic 
activity with trichloroacetic acid 


* Bodansky unit, mg. of P in 100 ec. of serum. 


ducted in the same manner as shown in Table I, but without the 
presence of serum, evidenced no phosphorus splitting over a 
period of 24 hours. 

The tests were carried out in graduated ground-stoppered 
bottles. Three tests were carried out on each serum studied: 
a blank containing serum, buffer, and water; a second consisting 
of serum, buffer, substrate, and water; and the third consisting 
of serum, buffer, substrate, ascorbic acid, and water. In each 
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instance a total volume of 15 cc. was obtained. To prevent the 
ascorbic acid solution from oxidation by atmospheric oxygen, it 
was necessary to work quickly. Therefore, in the preparation 
of the buffer, the amount of 0.1 N NaOH necessary just to neu- 
tralize the ascorbic acid each time was added previously. Ascor- 
bie acid and the prepared buffer were added to the tubes at the 
same time. The tubes were then placed in a thermostat at 37°, 
At the end of the time (1 hour measured with a stop-watch) they 
were removed and the enzymatic activity destroyed by the addi- 
tion of 5 ec. of 10 per cent trichloroacetic acid. They were then 
allowed to stand for at least 30 minutes to insure complete cessa- 
tion and precipitation of the proteins. Then the precipitate was 
filtered off and a 10 cc. portion of each of the three filtrates (total 
volume 20 ec.) placed in 25 ce. volumetric flasks. To each of 
these were added 2 cc. of ammonium molybdate solution, acidified 
with sulfuric acid (25 gm. of ammonium molybdate + 75 ce. of 
concentrated sulfuric acid in 500 ec. of solution), 1 ec. of a 0.5 
per cent hydroquinone solution, 1 cc. of a 20 per cent solution of 
sodium sulfite, and the whole made up to volume. Half an hour 
after the addition of sulfite (a stop-watch was used) the intensity 
of color produced in each instance was measured in a Zeiss stufen- 
photometer. 

The determination of the serum phosphatase activity described 
above essentially followed the method outlined by Bodansky 
(4). The amount of phosphate liberated by means of enzymatic 
action was estimated by the colorimetric method of Briggs (8), 
modified to suit our purpose. Since ascorbic acid acts in the same 
way as hydroquinone in the phosphomolybdate reaction, it was 
necessary to correct for the increased intensity of color resulting. 
Ascorbic acid in the presence of sodium $-glycerophosphate pro- 
duces, with ammonium molybdate and sulfite, no blue color; there 
is development of color only in the presence of free phosphate. 

To simplify our work a series of tests was made with increasing 
amounts of free phosphate and a constant amount of ascorbic 
acid. Another series of tests was similarly carried out with double 
the amount of ascorbic acid. The results were plotted in Fig. 
1. The results of the entire tests are shown in Tables I to VI in 
Bodansky units (mg. of phosphorus per 100 cc. of serum). 

In all subsequent tests the estimated determination of phos- 
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phorus was read from these lines. The use of greater amounts of 
ascorbic acid is limited, as can be seen. Of course these lines can 
only be utilized when the total volume of 20 cc. is used. The 
reading for an aliquot part would be on a corresponding line. The 
lower values are naturally minimal values, because it must be 
considered to what extent the serum may oxidize ascorbic acid. 
The time of the hydrolysis as well as the pH has the same influ- 


ence. 


AL 
Phosphorus Determination after Bridgs 
I +10 ascorbic acid Line 
I+ ascorbic acid Line 
M+25mQ ascorbic acid Line 

lar 
= 050 W- regular Vhosphorus 
= / 

Q0125 0025 0050 0.100 0.150 0.200 0.250 


Phosphorus 


Fic. 1. Curves employed in calculating phosphatase values found in 
Tables I to VI. 


Borsook, Davenport, Jeffreys, and Warner (6) as well as Barron 
and coworkers (7) found that ascorbic acid in alkaline medium 
is rapidly transformed to a second and even to a third irreversible 
state of oxidation. Since pH 8.9 is optimal for 6-glycerophospha- 
tase, our results approach more closely the regular phosphorus 
line. If one desires to determine the actual amount of ascorbic 
acid unchanged during the course of the hydrolysis, it could be 
done by titration with Tillmans’ indicator. By so doing the real 
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TABLE II 
Time Tests Demonstrating Ascorbic Acid Effect 
Temperature, 37°; pH 8.9; amount of serum used, 0.1 cc.; amount of 
ascorbic acid used, 5 mg. 


Split phosphorus, 


Normal serum | Time of hydrolysis Bodansky units 
min 
B | 15 
30 69.0 
45 77.6 
60 | 82.0 
| 15 63.2 
| 30 67.1 
| 45 | 70.4 
| 60 | 79.5 
La | 15 67.5 
| 30 69.2 
| 45 73.4 
| 60 84.1 
Lar 15 | 70.0 
30 | 73.5 
45 | 79.8 
60 | 86.0 
TABLE III 


Influence of Ascorbic Acid on Serum Phosphatase with Sodium 8-Glycero- 
phosphate As Substrate 
Temperature, 37°; pH 8.9; amount of serum used, 0.1 cc.; time of hydrol- 
ysis, 1 hour. 


Split phosphorus, Bodansky units 
mount o 
Immediate effect | preactivati | 
| 
mg. | 
1 1.6 
2.5 87.0 ne 
5.0 105.0 95.0 | 2.6 
7.5 103.4 89.5 | 
10.0 101.8 93.2 3.9 
2 1.9 1.9 
2.9 93.8 86.2 
5.0 111.5 98.5 2.9 
7.5 106.0 96.2 
10.0 | 98.3 95.0 4.3 
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amount of free phosphate would be found. Throughout our 
series, carried out under like conditions, it was sufficient to use 
the regular ascorbic acid standards. 

From the two samples of normal serum used it can be seen that 
activation of B-glycerophosphatase is not a time reaction. Table 
II shows in a time curve, from 15 minutes to 60 minutes, the in- 
fluence of ascorbic acid activation on serum phosphatase. The 
activation takes place at once and is only limited to the reduced 
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amount of Serum 1n cc” 


Fig. 2. Illustration of the correct proportionality of serum to ascorbic 
acid for convenient use. 


form. Oxidized ascorbic acid fails to activate, as shown in Table 
III. The small amount of resulting activation noticed with the 
oxidized form of ascorbic acid may be due to the fact that the 
vitamin C is not completely oxidized, whereas greater amounts of 
ascorbic acid seem to inhibit B-glycerophosphatase activity. 
Activation values for different amounts of serum and a con- 
stant amount of ascorbic acid are illustrated in Fig. 2. It is evi- 
dent that for suitable work, 0.1 cc. of serum is most convenient. 
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With 1 cc. of serum, the application of 50 mg. of ascorbic acid 
would be necessary and this would be a great waste of material. 
The use of smaller amounts of serum would render the method 
impracticable and inaccurate. 


TaBLe IV 


Influence of Ascorbic Acid on Phosphatase with Different Phosphoric Esters 
As Substrates 


Temperature, 37°; pH 8.9, for substrates sodium 8-glycerophosphate 
and adenylic acid; pH 7.6 for lecithin; pH 7.9 for polydiaminophosphatide; 
time of hydrolysis, with substrates of sodium $-glycerophosphate, lecithin, 
and adenylic acid 1 hour; with polydiaminophosphatide, 72 hours; amount 
of serum used, 0.1 ee. 

The results are expressed in Bodansky units. 


Substrates 
Sodium | Lecithin | Adenylic | Polydiaminophosphatide 
| Plus Minus MgSO, 
Plus Plus | Plus 
Serum | 5mg. Serum — ru pen | Plus | | Plus 
alone ascor ic alone bie alone bie Serum. Serum 
acid acid acid | Alone | ; alone | 
acid acid 
Normal 
A 2.7 | 77.5,180.0 168.7 25.0| 3.87 14.7) 8.86 
B 4.5 | 77.5)152.5 145.0 27.5| 5.9 | 18.3] 9.4 
C 3.5 92.5/172.5,172.5 4.0 
D 4.5 96.2 151.2 166.3 3.5 3.0 
E 1.4 87 .8 139.2 138.4 28.7; 2.5 | 12.7| 12.3 
F 5.0 | 73.7)148.8,152.2 28.7 16.2 21.4 8.1 
G 3.9 45.0151.5 153.2 32.5:35.0 | 27.2; 12.5 
H 1.3 75.0162.1 160.4 16.612.8 | 12.4) 11.9 
L 3.8} 7.7 8.3 
Paget’s disease 
(1) 37.5 | 83.7)157.5.156.2 32.5, 32.5) 38.4, 2.4 13.5) 9.7 
(2) 27.0 101.2.147.5 146.3 35.6; 2.0 | 12.2) 16.2 


Influence of Ascorbic Acid Activation on Serum Phosphatase 
with Different Phosphoric Esters 


After having studied the influence of ascorbic acid on serum 
phosphatase with sodium f-glycerophosphate as substrate, we 
investigated the influence of ascorbic acid on phosphatase, em- 
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TABLE V 

Influence of Metallic Salts on Activity of Serum Phosphatase i 
Temperature, 37°; pH 8.9; time of hydrolysis, 1 hour; amount of serum \ 
used, 0.1 cc. 
The results are expressed in Bodansky units. i: 

| Normal Serum G Normal] Serum M Normal Serum N # 

Addition of 0.02 m salts "i 
Serum ascorbic’ | Serum "ascorbic | 

1.71 | 50.00 | 5.63 | 88.25; 8.63 | 61.25 a 

0.10 FeSO, 4.88 | 51.00 13.75 | 130.00 | 14.00 | 83.75 2 
“ 5.13 | 51.27 | 
a 7.00 | 53.00 | 17.75 95.00 | 26.20 | 67.50 : 
8.25 | 63.75 
—_ 25.00 | 66.25 | 21.25 78.70 | 22.50 | 63.70 x 
0.10 MnSO, 4.87 | 56.00 4.10 | 106.00 7.50 | 75.00 3 
5.50 | 52.50 
* 7.85 | 57.50 | 4.90 | 101.20 | 3.75 | 72.50 
9.00 | 58.00 
-_.* 9.90 | 62.50 | 4.94 | 97.50} 2.13 | 87.50 3 
0.10 CuSO, 0.75 | 67.50 | 2.70 | 56.30| 3.69 | 58.70 F 
0.73 | 72.50 | 4.20 | 60.00} 4.88 | 86.20 
0.50 0.06 | 81.20 
0.05 | 85.00 
.“ | 0.02 | 74.20 | 5.60 | 73.30] 6.04 | 91.20 
0.10 ZnSO, | 1.52 | 48.70 0.90 97 . 50 2.13 ; 61.20 a 
0.25 0.81 | 47.50 
| 0.94 | 46.00 | 0.92 | 92.50} 3.00 | 70.60 
* 0.82 | 38.70 | 0.70 | 100.00} 5.80 | 78.10 
0.10 Co(NOs), 5.10 | 33.50 | 6.20 | 95.00! 5.25 | 70.00 : 
6.90 | 33.70 
0.50 . 7.60 | 35.00 1.40 87 .50 7.50 | 60.00 ¢ 
13.70 | 36.20 
_. * 15.40 | 43.10 | 2.00 | 103.70; 6.00 | 67.50 Z 
0.10 Ni( NOs). 7.60 | 61.20 2.70 | 117.50 2.13 | 81.20 
9.40 | 62.50 
10.60 | 63.70 | 4.90 | 110.00 4.50 | 85.00 
12.50 | 67.50 
16.40 | 60.00 | 2.70 | 106.20 | 2.90 | 88.70 

ploying other phosphoric esters as substrates. We studied the 4 
enzymatic hydrolysis of lecithin, adenylic acid, and polydiamino- q 
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phosphatide (sphingomyelin), using serum phosphatase. In each 
test of these enzymatic reactions, according to the optimum found 
to be effective for the substrate, the pH had to be changed. The 
time necessary for enzymatic splitting of polydiaminophosphatide 
(sphingomyelin) was longer (72 hours) than the time required 
when other substrates (1 hour) were used. 

The influence of ascorbic acid on serum phosphatase activity 
toward the above substrates is entirely different. 6-Glycero- 


TaBLe VI 
Influence of Glycine, Mg Ion, and Ascorbic Acid on Activity of Serum 
Phosphatase 
Temperature, 37°; pH 8.9; time of hydrolysis, 1 hour; amount of serum 
used, 0.1 ce.; substrate used, sodium 8-glycerophosphate. 
The results are expressed in Bodansky units. 


| | | | 
WN Diabe- Diabe- 
Additions Normal Normal Normal Normal 2. nel- tes mel- Paget's 


serum serum sertim serum | 
| | 2 “litue | litus 


| 2.25, 3.38 0.79 1 1.58 3.25 0.98. 47.50 
1 cc. 0.009 m MgCle....... 1.95, 4.13) 1.58) 1.78) 18.88; 1.38) 60.00 
0.00625 m glycine..../ 14.63 4.50 1.19 2.38 21.25 1.77) 30.00 
1“ MgCl. +1ee. glycine 15.75, 7.50) 6. 13 4.88 17.00 3.13, 40.00 
5 mg. ascorine acid. | 50.25 80.0 | 90.0 | 66. 75 56.25, 41.25 102.50 
+ Lee. | | | 


} 
MgCl,..................| 43.75, 25.00) 38.00, 20.00) 35.00) 21.25} 98.50 
5 mg. ascorbic acid + lec. | | | | | 
glycine. . _.| 56.25 81.25 86.75) 42.50 48.75 38.50,104.70 
5 mg. acid a ec. | | | | 


MgCl: + 1 ce. glycine...| 33.75 45.75 47.25, 17.50 28.75 16.25, 83.75 


phosphatase is activated; the enzymatic splitting of adenylic acid 
and lecithin is not influenced; the enzymatic hydrolysis of poly- 
diaminophosphatide (sphinogomyelin) is even diminished (Table 
IV). 

The variable behavior of serum phosphatase activity with 
different substrates may be of physiological importance; at least 
it shows that phosphatase or the cofactors which influence the 
phosphatase activity in splitting different substrates are not alike. 
Further investigations will be carried out in the attempt to study 
the rdle which cofactors play in this regard. 
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Influence of Metallic Salts on Activity of Serum Phosphatase 


It was found that the ability to activate the B-glycerophosphate 
could be increased to a higher level by addition of certain metallic 
salts. These metallic salts when used in the same concentrations 
behaved quite differently when ascorbic acid was not present. 
Cu and Zn evidently retard the hydrolysis of 8-glycerophosphate ; 
Fet+, Mn**, Cot*, and Nit** increase the activity of the enzyme. 

The activating capacity (Table V) of these metallic ions varies, 
probably owing to some specific property of the respective ion. 
It may be, however, that such an activation is also influenced by, 
or dependent upon, the oxidation-reduction potential, in so far 
as the latter is completely reversible, by the presence of secondary 
reactions, or by the slowness of the over-all reaction. 

Bodansky (8) reports in a series of publications the influence of 
a-amino acids and Mg ion on the activity of bone and intestinal 
phosphatase. We could confirm his conclusions so far as glycine 
and MgCl, are concerned. Furthermore, we extended these 
experiments with glycine and MgCl, comparing the grade of in- 
tensity of activation with and without ascorbic acid. As shown 
in Table VI, the activation values of glycine plus MgCl, plus 
ascorbic acid were smaller than with ascorbic acid alone. One 
may assume that Mg ion, as the specific ion for phosphatase 
activity, acts in competition with ascorbic acid in activating serum 
phosphatase. In this competition, a part of the enzyme amount 
is already appropriated by the Mg ion, leaving a smaller amount 
available for ascorbic acid activation. 


SUMMARY 


J. Ascorbic acid activates serum £-glycerophosphatase. 

2. This activation is only effective when ascorbic acid is used; 
dehydroascorbic acid is not effective. 

3. The characteristics of ascorbic acid activation are described. 

4. Ascorbic acid acts differently with different phosphoric esters 
as substrates. The enzymatic splitting of 8-glycerophosphate is 
activated, splitting of adenylic acid (yeast) and lecithin is not 
influenced, while the splitting of polydiaminophosphatide (sphin- 
gomyelin) is diminished by ascorbic acid. This different behavior 
of serum phosphatase activity toward different substrates may be 
of physiological importance. 
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5. Fe++, Mn*+*, Co**, and Ni** increase the enzyme activity, 
while Zn and Cu decrease the enzymatic splitting of 6-glycero- 
phosphate. Addition of ascorbic acid to all six metal ions and 
the resulting formation of complexes between the vitamin C and 
the metal further increase the activity of serum 6-glycerophos- 
phatase. 

6. Since the experiments described above all testify to the fact 
that ascorbic acid activates normal sera, we believe that it may 
act in a similar way with pathological sera and intend to make this 
a subject for further studies. This will concern pathological 
conditions with high serum phosphatase values, such as obstruc- 
tive jaundice, Paget’s disease, and other bone diseases. It should 
be possible to decide by means of ascorbic acid activation whether 
these high phosphatase figures are the result of an increased 
amount of enzyme or of an increased enzyme activation. 
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STUDIES ON SERUM PHOSPHATASE ACTIVITY* 


II. THE EFFECT OF EXPERIMENTAL TOTAL BILIARY OBSTRUC- 
TION ON THE SERUM PHOSPHATASE ACTIVATION 
IN DOGS AND CATS 


By 8S. J. THANNHAUSER, MAX REICHEL, JEROME F. GRATTAN, 
AND STEPHEN J. MADDOCK 


(From the Department of Medicine, Boston Dispensary and Tufts College 
Medical School, and the Surgical Research Laboratory, Boston City 
Hospital, Boston) 


(Received for publication, June 25, 1937) 


In Paper I preceding (1) it has been shown that the addition 
of ascorbic acid to serum results in a marked rise in activity of 
phosphatase. In order to determine whether the rise in phos- 
phatase values in obstructive jaundice previously noted by Rob- 
erts (2), Robison (3), Bodansky and Jaffe (4), Jenner and Kay 
(5), Armstrong, King, and Harris (6), and others was due to actual 
increase in phosphatase circulating in the blood or merely to some 
activation of phosphatase, the common bile duct was ligated in a 
series of dogs and cats and studies were made on the serum phos- 
_ phatase at intervals with and without activation by ascorbic acid. 


Methods 


The phosphatase was determined by the Bodansky method, 
with slight modification as described in Paper I (1). The method 
of activation by ascorbic acid has also been recorded (1). In each 
instance the sera were tested by the usual methods and also 1 
hour after the addition of 5 mg. of ascorbic acid to 0.1 cc. of serum. 
The experiments were performed on eleven dogs and six cats. The 
operative procedures were carried out with aseptic technique under 
full ether anesthesia. A mid-line incision was made and the com- 
mon bile duct was clamped, divided, and doubly ligated with 
black silk sutures. The animals made uneventful recoveries and 


* This study was aided by grants from the Bingham Associates Fund. 
the Rockefeller Foundation, and the Charlton Fund. 
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were fed on a diet of whole milk, bread, and meat. Jaundice of 
the sclerze became apparent in 72 to 96 hours in each case, 
Blood samples were taken for analysis from the femoral artery at 
regular intervals, usually in amounts not exceeding 15 to 20 ce. 


TABLE [ 


Serum B-Glycerophosphatase after Common Bile Duct Ligation and Activation 
with Ascorbic Acid 


Temperature, 37°; pH 8.9; time of hydrolysis, 1 hour; amount of serum 
used, 0.1 ce. 


Phosphatase activity, Bodansky units 
Dog No, Date 
Serum alone Plus 5 
19386 
l Mar. 11 4.40 
40.10 
82.70 
109 .00 
112.00 
107 .00 
2 June 26 1.25 205 .00 
wee 26 .40 187 .00 
July 1 60 .00 214.00 
80.00 197 .00 
“ 6 81.00 195.00 
80.00 184.00 
3 Oct. 20 1.58 125.00 
4.88 140.00 
41.25 135.00 
70.00 142.50 
$2.50 132.50 
Nov. 2 105.00 158 .00 
5 100.00 153 .00 
6 102 .00 145.00 
obs 9 109 .00 158 .00 


every 2 days. The survival period of the animals varied from 21 
to 50 days. 

In one experiment the thyroid and parathyroid glands were 
completely removed at the same time that the common bile duct 
was ligated. Tetany was prevented by the intravenous adminis- 
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tration of 10 per cent calcium gluconate. This was given in 10 
to 20 cc. amounts every 3 to 5 hours, depending upon the symp- 
tomatology. This animal died owing to gross hemorrhage from a 
large duodenal ulcer opposite the ampulla of Vater. 


Results 


In Table I the results of three typical experiments are given in 
detail. It will be noted that in each instance there was a marked 
increase in serum phosphatase following the ligation of the com- 
mon bile duct, which reached its maximum in about 2 weeks and 
continued over a period of several weeks. Occasionally there was 
a slight fall in the last few days of the animal’s life. The activa- 


TaBLe II 
Serum Phosphatase Activity after Common Bile Duct Ligation in Cats 


Temperature, 37°; pH 8.9; time of hydrolysis, 1 hour; amount of serum 
used, 0.1 cc.; substrate used, sodium 8-glycerophosphate. 


Phosphatase activity, Bodansky units 
Cat No. Date 
Serum alone Plus 5 
1986 
1 Dec. 1 2.10 90 .00 
7 2.60 126.20 
2 3.10 80.00 
whe 4.88 91.20 


tion of ascorbic acid gave almost constant values in each animal 
which varied but slightly. In Dog 2, for example, the activity 
produced by ascorbic acid is essentially the same in the control 
blood, with a value of 1.25 Bodansky units as in the blood which 
showed initial values of 80 units. This means that the activation 
of the serum before ligation produces a 2000 per cent increase, 
whereas after the operation, with a high initial value of 80.0 
units, the increase by activation is only 130 per cent. 

Common bile duct ligation in cats does not produce high phos- 
phatase, as was shown by Cantarow and coworkers (7). In order 
to determine whether this difference in behavior of phosphatase 
activity between the dog and the cat was due to a lack of phos- 
phatase enzyme or to an absence of some substance in the bile 
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which produced the high phosphatase activity in complete biliary 
obstruction, the same experiment was performed upon cats. 
Table II shows the results of two typical experiments on cats. 
It is apparent that there is no appreciable rise in phosphatase as a 
result of the ligation, but that on the addition of the ascorbic acid 
an activation of the enzyme occurs similar to that noted in dogs. 
In Table III the results obtained on the animal with common 
bile duct ligation and thyroparathyroidectomy are given. The 
rise in phosphatase activity due to biliary obstruction was essen- 


Taste IIT 
Serum B-Glycerophosphatase cfter Common Bile Duct Ligttion with 
and Activ«tion with Ascorbic Acid 
Temperature, 37°; pH 8.9; time of hydrolysis, 1 hour; serum from Dog 4; 
amount used, 01 ce. 


Phosphatase activity, Bodansky units 
Date 
Serum alone Plus 5 mg. ascorbic acid 

1936 

June 24 1.50 184.00 
5.60 125.00 
14.30 147.00 

July 1 37 .80 177 .00 
62.00 142.00 
74.00 185 .00 
81.00 190.00 
75.00 179.00 
49.00 142.50 
36 .00 152.00 
22 .00 139 .00 


tially the same as in the animals with common bile duct ligation 
alone. The phenomenon of activation by ascorbic acid was the 
same as previously noted. The decline in phosphatase values 
occurred in the last 4 days of the animal's life. 


DISCUSSION 


The most interesting finding of these experiments is that, al- 
though the phosphatase values rise from about 1 to 130 Bodansky 
units after common bile duct ligation, all exhibit the same phos- 
phatase value after activation by ascorbic acid. If there was an 
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increase in the total amount of circulating phosphatase, activa- 
tion by ascorbic acid should produce a proportional rise of the 
high values found 2 weeks after common bile duct ligation; 7.e., 
a value of 80 Bodansky units after ligation should be activated to 
1600 Bodansky units, corresponding to the rise produced by ascor- 
bic acid in the sera before common bile duct ligation. 

This result can only be explained on the basis of an increase in 
activity due to biliary obstruction and not to an increase in the 
total phosphatase in the circulating blood. 

The experiment of thyroparathyroidectomy was performed in 
addition to the common bile duct ligation (Dog 4) to answer the 
question as to whether or not the parathyroid is involved in the 
production of phosphatase activity after common bile duct liga- 
tion. The results show that the increase of the phosphatase val- 
ues is a little slower than in the above experiments without para- 
thyroidectomy but the phosphatase activity increases in the same 
proportion as in the dog with common bile duct ligation. Accord- 
ingly, it is justifiable to assume that the parathyroid is not neces- 
sarily involved in the production of high phosphatase activity. 

The experiments with cats indicate that there is enough phos- 
phatase enzyme present in cat blood to be activated with ascorbic 
acid in much the same manner as in the blood of dogs. It would 
seem that total biliary obstruction in the cat does not produce a 
rise in phosphatase because of the absence of some factor in cat 
bile. This activating factor is present in both human and dog 
bile but is apparently absent in the bile of the cat. The nature of 
this factor will be discussed in a later communication. 


SUMMARY 


1. In a series of eleven dogs and six cats common bile duct liga- 
tions were performed. 

2. After common bile duct ligation the sera showed a rise in 
phosphatase which in 2 weeks was as great as 100 times the initial 
value. | 

3. The activation by ascorbic acid of these sera produced an 
almost constant level of phosphatase regardless of whether the 
serum phosphatase values were high or low before activation. 
These experiments demonstrate that the increasing serum phos- 
phatase values after common bile duct ligation are due to the 
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action of the retained bile in increasing phosphatase activity and 
not due to an increase of the phosphatase enzyme in the blood. 

4. After bile duct ligation in cats the serum phosphatase does 
not increase as it does in dogs. However, the serum phosphatase 
can be activated by ascorbic acid 7n vitro in the same way as in 


the serum of dogs. 

5. The parathyroid is not necessarily involved in high phos- 
phatase activity. 

6. It would seem that these findings demonstrate that the bile of 
the cat does not contain a substance which activates the phos- 
phatase system and which is present in human and dog bile. 
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STUDIES ON SERUM PHOSPHATASE ACTIVITY* 


III. THE EFFECT OF COMPLETE BILIARY FISTULA ON PHOS- 
PHATASE ACTIVITY IN SERUM AND BILE 


By S. J. THANNHAUSER, MAX REICHEL, JEROME F. GRATTAN, 
AND STEPHEN J. MADDOCK 


(From the Department of Medicine, Boston Dispensary and Tufts College 
Medical School, and the Surgical Research Laboratory, Boston 
City Hospital, Boston) 


(Received for publication, June 25, 1937) 


In Paper II of this series (1) experiments were reported on the 
increased phosphatase values of the serum produced by ligation of 
the common bile duct in dogs. The experiments demonstrated 
that the animal with complete biliary obstruction shows a steady 
rise of serum phosphatase which reaches a maximum about the 
end of the 2nd week. 

It was found that ascorbic acid causes an activation of the serum 
phosphatase in vitro and that its addition to sera with high values 
obtained after common bile duct ligation also increases the phos- 
phatase activity, but only to the same maximum obtained from 
the control sera before operation. It was concluded from these 
experiments that the observed rise in experimental obstructive 
jaundice was due to an increase in activity produced by some sub- 
stance in the retained bile. It seemed of interest to study the 
phosphatase values in the serum of dogs with complete bile fistula 
in which the status of the bile would be just the opposite of that 
in experiments in which total retention of bile was produced. 


Methods 


The methods for the determination of serum phosphatase and 
the activation by ascorbic acid have previously been described in 
detail (2). The methods for phosphatase determination in the 


* This study was aided by grants from the Rockefeller Foundation, the 
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bile were as follows: Before the bile was used for phosphatase 
investigations, it was always centrifuged. It was evident from the 
start of the bile tests that the pigment in the bile would interfere 
with the colorimetric method used for phosphorus determination. 
This difficulty was overcome by adding petroleum ether to the 
samples after the cessation of enzymatic activity with 5 cc. of 
10 per cent trichloroacetic acid, the bile pigments remaining in 
suspension, after shaking, in the petroleum ether layer. These 
were then removed with the precipitated proteins of the serum 
by filtration, a colorless filtrate resulting. 

Complete biliary fistule were established in a series of twelve 
dogs. <All operative procedures were performed with complete 
aseptic technique and under full ether anesthesia. The abdomen 
was opened through a mid-line incision in each instance. The 
operative procedures were of two kinds. In some of the animals 
the common bile duct was ligated with black silk, a mushroom 
catheter inserted in the fundus of the gallbladder, and the opening 
in the gallbladder closed by a purse-string suture of silk. The 
end of the catheter was then brought out through a stab wound 
and attached by a short piece of glass tubing to a rubber balloon. 
In order to avoid the objection of possible contamination of the 
bile by various microorganisms, in some of the animals the tech- 
nique described by Rous and MeMasters (3) was used, in which 
a glass cannula is tied into the common bile duct and connected 
by rubber and glass tubing in such a way as to form a U of tubing 
inside the abdomen; this emerges through a stab wound and is 
also connected to a balloon. 

Bile was collected quantitatively every 24 hours. The average 
survival time of the animals was 6 weeks. Blood samples were 
taken every 2 to 3 days in amounts not exceeding 15 ec. for each 
specimen. 7 

In experiments on total bile fistula dogs, Enderlen, Thann- 
hauser, and Jenke (4) and others found that several weeks after 
the bile fistula operation bone changes similar to osteoporosis are 
to be seen. After bile fistula, fat absorption is diminished and the 
stools contain large amounts of calcium soaps. The observed 
osteoporosis was explained by an increased calcium loss due to 
diminished absorption. It was of interest to study the phospha- 
tase values in the serum in bile fistula where the experimental 
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conditions are just the opposite of those present in dogs with 
common bile duct ligation. One may assume that the blood phos- 
phatase does not change under conditions in which the bile is 
totally drained through complete fistula. 

The experiments (Table 1) demonstrate the unexpected result 
that an increase of serum phosphatase is manifest also in bile 
fistula dogs. Ascorbic acid activates the serum of bile fistula dogs 


TaBLeE I 
Serum and Bile Phosphatase efter Bile Fistula Operation 


Temperature, 37°; pH 8.9, time of hydrolysis, 1 hour; amount of enzyme 
used, 0.1 cc.; substrate, sodium 6-glycerophosphate. 


Phosphatase activity, Bodansky units 
Dog No. Date 
Serum alone ascorbic Bile alone 4 
1986 
5 May 27 2.30 25.00 
15.00 27 .00 
June 1 18.00 27 .00 
27 .00 28 .00 
22.40 29 .00 
18.50 38.00 
15.30 35.00 
6 Oct. 23 0.99 90 .00 27 .00 41.00 
21.75 86 .00 43.70 43.70 
26 .25 90 .00 32 .00 50.00 
22.50 88.75 48 .00 62.50 
Nov. 2 23.10 87.10 55.00 63 .50 
- 4 19.10 91.50 38 .70 57 . 50 
6 14.20 92.50 31.00 43.10 
9 9.00 90 .00 47.50 52.50 


in the same way as in dogs with common bile duct ligation. 
Therefore, our assumption that an increased activity of serum 
phosphatase following common bile duct ligation may be applied 
in the same manner to the serum of bile fistula dogs, namely in- 
creased phosphatase values, must be explained by increased phos- 
phatase activity. 

The maximum increase was obtained on about the 7th day, 
after which there was some tendency toward a fall in the phos- 


AS 
+ 
: 
j 
ig 
q 
3 
= 
} i 
if 
$ 
} 
a 
a4 


718 Serum Phosphatase Activity. HI 


phatase values. The intensity of the activation of the serum with 
ascorbic acid, however, did not change as long as the dog lived. 
The fact that phosphatase activity increases immediately after 
the fistula operation fails to present evidence substantiating the 
former explanation that osteoporosis in these dogs is due only toa 
longer period of calcium loss. 

The phosphatase values in the bile obtained from the fistula 
were consistently very high. In contrast to the serum, the phos- 
phatase values in the bile could only be slightly increased by the 
addition of ascorbic acid. This experiment reveals the very im- 
portant fact that the phosphatase is already present in the bile 
in a state of almost maximal activation. 


DISCUSSION 


The experiments gave the quite unexpected result of an increase 
of serum phosphatase in bile fistula dogs. The fact that an in- 
crease occurs seems to indicate that there are at least two factors 
in the bile; one which increases and another which decreases phos- 
phatase activity. The factor in the bile which decreases phos- 
phatase activity was found to be present in the bile acids, as will 
be reported in Paper IV following. The factor responsible for the 
increase of serum phosphatase activity seems to be some unknown 
substance which protects or influences the enzymatic system of 
the phosphatase. : 

According to Rothman, Meranze, and Meranze (5) high phos- 
phatase values in the serum of jaundiced patients should be sig- 
nificant for obstructive jaundice. The finding of increased phos- 
phatase values in bile fistula demonstrates that the diagnostic 
value of phosphatase determination in jaundiced patients is 
ambiguous from the point of view of the origin of the Jaundice. 


SUMMARY 


1. Bile fistula dogs exhibit increased phosphatase values in 
serum after operation. ‘The values are about 10 to 20 times as 
high as the initial value. 

2. Ascorbic acid activates sera of bile fistula dogs to the same 
extent as it does the serum of dogs with common bile duct ligation. 

3. In contrast to the increase of the phosphatase in the serum 
of dogs with biliary fistule, the phosphatase in the bile itself 
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could not be activated to a great extent by ascorbic acid. The 
phosphatase in the bile already shows high phosphatase values 
before activation with ascorbic acid, so that the phosphatase must 
be present in a state of almost maximal activation. In differentiat- 
ing obstructive Jaundice from hepatocellular jaundice, the diag- 
nostic value of serum phosphatase determination is not apparent. 

4. The results indicate that the enzyme present in the serum 
which splits the 8-glycerophosphate is a complex system, involving 
besides the enzyme and the substrate a substance which we may 
call the cofactor, producing high phosphatase activity. 


BIBLIOGRAPHY 


1. Thannhauser, 8S. J., Reichel, M., Grattan, J. F., and Maddock, 8., J. 
Biol. Chem., 121, 709 (1937). 

. Thannhauser, 8. J., Reichel, M., and Grattan, J. F., J. Biol. Chem., 121, 
697 (1937). 

. Rous, P., and McMasters, P. D., J. Exp. Med., 37, 11 (1923). 

Enderlen, E., Thannhauser, 8. J., and Jenke, M., Arch. exp. Path. u. 

Pharmakol., 120, 16 (1927). 
5. Rothman, M. M., Meranze, D. R., and Meranze, T., Am. J. Med. Sc., 
192, 526 (1936). 


bo 


4 
a 
| 
% 
35 
2 
4 be 


t 
| 
4 
| 
ag i 
~ 
A 


STUDIES ON SERUM PHOSPHATASE ACTIVITY* 


IV. THE DEACTIVATING EFFECT OF THIOL COMPOUNDS AND 
BILE ACIDS ON SERUM PHOSPHATASE ACTIVITY 
IN VITRO AND IN VIVO 


By S. J. THANNHAUSER, MAX REICHEL, JEROME F. GRATTAN, 
AND STEPHEN J. MADDOCK 


(From the Depariment of Medicine, Boston Dispensary and Tufis College 
Medical School, and the Surgical Research Laboratory, Boston City 
Hospital, Boston) 


(Received for publication, June 25, 1937) 


In Papers I and III (1) the activating influence of ascorbic acid, 
on the one hand, and bile obstruction, on the other, on serum 
phosphatase was studied. This paper deals with experiments 
carried out in order to deactivate serum phosphatase in vitro 
and in vivo, in normal and pathological conditions. As deactivat- 
ing substances we used ——-SH glutathione, cysteine, and bile acids, 
since it is already known that the thiol compounds diminish the 
activity of phosphatase of different nature and origin (intestinal 
phosphatase, kidney phosphatase, and yeast) (2). 

Also, it is known (3) that ascorbic acid and thiol compounds in- 
fluence each other. It is assumed that —-SH compounds and as- 
corbic acid give mutual protection against oxidation to a certain 
degree; thiol compounds first undergo oxidation in protecting 
ascorbic acid. It was of interest to study this mutual relationship 
of these substances in connection with serum phosphatase activity. 

The experiments which are presented in Table I demonstrate the 
effect of ascorbic acid, on the one hand, and the deactivating 
ability of —-SH glutathione and cysteine, on the other; further- 
more, the combined action of —SH glutathione plus ascorbic acid, 
and cysteine plus ascorbic acid was studied. In normal sera as 
well as in serum in Paget's disease —SH glutathione and cysteine 
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produce a marked degree of serum phosphatase activity. The 
combined action of ascorbic acid and —SH glutathione and ascorbie 
acid and cysteine, respectively, shows only a small protection of 
ascorbic acid activation in the period of time. From the point 
of view of the magnitude of the influence produced by both com- 


TABLE 
Injluence of Thiol Compounds on Activated 8-Glycerophos phatase 


Temperature, 37°; pH 8.9; amount of serum used, 0.1 cce.;—SH gluta- 
thione and ascorbic acid, cysteine hydrochloride and ascorbic acid, respec- 
tively, were used in a 1:1 ratio. 

The results are expressed in 


Bodansky units. 


| Plus glutathione Plus cysteine 


| Regular teste hydrochloride 
hrs. | 
Normal, L 1 | 3.00} 121.00! 2.00, 2.50 | 36.00 
2 6.00 133.00 2.90) 45.00) 4.50 | 39.00 
11.00 | 146.00 | 6.00 56.00 7.10 | 67.00 
8 25.00 | 162.00 | 11.00 | 55.00 15.00 | 68.00 
24 70.00 | 172.00 37.00 61.00 38.00 75.00 
Normal, B 4.00 130.00 2.00; 22.00 2.10 | 48.00 
2 6.00 | 140.00 5.50} 50.00. 5.30 | 66.00 
4 13.00 | 145.00 | 7.00} 48.00 11.00 | 69.00 
8 24.00 | 150.00 | 10.00, 47.00 20.00 | 67.00 
64.00 168.00 | 20.00 57.00 48.00 75.00 
Osteitis de- 1 53.00 124.00 5.00) 20.00 6.00 | 20.00 
formans 2 | 78.00 | 152.00) 13.00) 41.00) 13.00 | 45.00 
4 | 106.00 176.00 | 21.00 | 80.00) 22.00 | 64.00 
8 | 166.00 | 240.00 | 40.00 | 120.00 40.00 | 92.00 
| 24 | 340.00 | 392.00 | 75.00 | 180.00 | 75.00 | 131.00 


batting substances the deactivation by thiol compounds is much 
greater than the activation by ascorbic acid. 

Further experiments were carried out to investigate the influ- 
ence of bile acids on serum phosphatase. Takata (4) found that 
bile acids have a deactivating influence on bone, liver, and kidney 
phosphatase. It was of great interest in regard to our findings 


on bile fistula dogs to study the influence of bile acids on serum 
phosphatase. 
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In Table II the results with the addition of sodium desoxy- 
cholate to sera of patients with Paget’s disease are reported. 
Sodium desoxycholate was used in concentrations of 1 to 10 mg. 
In all three sera, addition of sodium desoxycholate produced, in 
proportion to their concentration, a deactivating influence on 
serum phosphatase. The deactivating influence of thiol com- 
pounds demonstrated in Table I is much more intensive than the 
deactivating influence of bile acids. If we connect this fact with 
our findings in the sera of dogs with common bile duct ligation 
and dogs with bile fistula, it is obvious that the intensive activa- 


TABLE II* 
Influence of Bile Acids on Activity of 8-Glycerophosphatase in Serum from 
Three Cases with Paget's Disease 


Temperature, 37°; pH 8.9; time of hydrolysis, 1 hour; amount of serum 
used, 0.1 cc.; Patients A, B, and C. 


ae . | Phosphatase activity, B sky uni 
Addition of sodium | Pp e activity, Bodansky units 
desoxycholate — 


Patient C 


Patient A Patient B | 

mg. | | | 
| 71.20 | 43.70 | 21.25 
1 | 62.50 | 37.30 | 16.20 
2 oa 56.20 | 31.40 | 15.00 
5 | 50.00 | 29.70 | 13.10 
10 | 47 .00 | 26 .00 | 12.25 


* While this paper was in manuscript Bodansky (5) published a study 
which deals with the decreasing effect of bile acids on serum phosphatase 
of normals and patients with Paget’s disease. His results are in conformity 
with those presented in the table above. 


tion in the serum of dogs in which the common bile duct was 
ligated must have overcome the deactivating influence of the bile 
acids simultaneously present in the sera of these dogs. On the 
other hand, the surprising result of an increased phosphatase 
activity in the serum of dogs with biliary fistula is explained. 
By means of the biliary fistula the activating principle, as well 
as the bile acids, is drained away and there results in the body an 
increased activity, not due to an activating principle but to the 
absence of bile acids. 

Decreased Phosphatase Activity in Animal and in Man by Injec- 
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tion of Cysteine and Bile Acid—As we had found that cysteine 
deactivates serum phosphatase to a large extent 7n vitro, we wished 
to see whether injections of cysteine intravenously would show 
the same effect im vivo. 


TABLE III 


Experiments to Decrease Phosphatase Activity in Animal and in Man by 
Injection of Cysteine and Bile Acid 


Temperature, 37°; pH 8.9; time of hydrolysis, 1 hour; amount of serum 
used, 1 cc. 

Injections—Dog (Sample 1); 2 gm. of cysteine hydrochloride, previously 
neutralized, 50 cc. of the dog’s own serum preactivated | hour at 37°, total 
volume 120 cc.; isotonic concentration. Paget’s disease (Sample 2); 1 gm. 
of cysteine hydrochloride, previously neutralized; total volume 60 ec.; 
isotonic concentration. Paget’s disease (Sample 3); 60 cc. total volume, 
containing 1 gm. of sodium desoxycholate. 


Sample No. | Time of determination | Phosphatase activity, Bodansky units 
| 
1 Before operation | 6.00 
After 1 hr. 5.00 
4.72 (21°, deactivation) 

4.92 
5.24 
5.40 
5.90 
2 Before injection 72.00 
After 10 min. 70.00 
wee 59 .00 
4 56 .00 

50.00 (30.65% deactivation) 
57 .00 
68.00 
3 Before injection 70.00 

After 1 hr. 62.00 

wie 56.00 (20°% deactivation) 

70.00 
70.00 
69 .00 


From our experiments on the dog we learned that cysteine in- 
jections intravenously are tolerated without damage. In man 
the injection was accompanied by a short fever and feeling of 
nausea after the injection. The effect of cysteine is minor and 
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of short duration (Table III). 
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The impressive effect of the test- 


tube experiment cannot be reproduced in vivo—at least not by 
the technique which we used. ‘Therefore, we tried to obtain a 
prolonged effect by giving cysteine and sodium desoxycholate 


TABLE IV 


Phosphatase Activity in Paget's Disease during Treatment 
Temperature, 37°; pH 8.9; time of hydrolysis, 1 hour; amount of serum 


used, 0.1 ce. 
Phos phatase 
Date Daily treatment 
units 
1936 
Jan. 15 58 .00 2 capsules, 0.5 gm. ox gall and cysteine, 4:1 
56 .00 Same 
19 56 .00 
52.00 
23 50.00 
53.00 
56 .00 
ae 55.00 1 capsule, 0.2 gm. cysteine hydrochloride 
56 .00 Same 
Feb. 1 59 .00 1 capsule, 0.6 gm. cysteine hydrochloride 
a 3 60.09 Same 
7 62.00 
oo ae 75.00 0.8 gm. fel bovis (Merck) 
Mar. 24 75.00 Same 
59 .00 
7 63 .00 
oe 61.00 Decholin, 2 to 4 tablets 
May 13 48 .00 Same 
44 .00 
June 4 41.00 
31.30 (43% deactivation) 
Oct. 14 50.00 Without treatment 
Dec. 14 35.00 Decholin, 2 to 4 tablets 


tablets' by mouth to a patient with Paget's disease. The sub- 
jective complaints of our patient were strongest during periods 
in which the serum demonstrated high phosphatase values. 


‘We are greatly indebted to Riedel-de Haen, Inc., for providing the 
decholin used in these experiments. 
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From these figures (Table IV) it is to be seen that in the periods 
from January until the first part of February there was little 
change in the phosphatase values despite the fact that the patient 
was fed cysteine daily. During the latter part of February and 
during March the complaints of the patient increased—pains in 
the back and pains in both legs. The phosphatase activity at 
this time was 75 Bodansky units. 

We changed from cysteine to fel bovis, Merck, which contains 
mostly bile acids, and afterwards gave declolin as a pure sub- 
stance. The phosphatase activity began to decrease. Subjec- 
tively the complaints were always the same and the x-ray showed 
no change. With another patient we had the same experience 
as above, but the patient himself felt relieved under bile acid 
treatment. 

The failure to obtain phosphatase activity by strong deactivat- 
ing substances such as thiol compounds is, in contrast to the ex- 
periments tn vitro, discouraging. Substances like bile acids which 
are much less effective in vitro than thiol compounds seem to be 
more effective in vivo when administered over long periods of time. 


SUMMARY 


1. Thiol compounds, such as —SH glutathione and cysteine, 
decrease phosphatase activity in vitro to a large extent. In vivo, 
however, a more lasting decreasing effect could not be obtained 
with injection or feeding of thiol compounds. 

2. The deactivating effect of bile acid on serum phosphatase 
is demonstrated. 

3. An example of long continued administration of bile salts to 
a patient with Paget’s disease with repeated determinations of 
serum phosphatase activity is presented. A moderate deactivat- 
ing effect was noted. 
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STUDIES ON SERUM PHOSPHATASE ACTIVITY* 


V. STUDIES CONCERNING INCREASED SERUM PHOSPHATASE 
VALUES IN DISEASE 


By S. J. THANNHAUSER, MAX REICHEL, JEROME F. GRATTAN, 
AND STEPHEN J. MADDOCK 


(From the Department of Medicine, Boston Dispensary and Tufts College 
Medical School, and the Surgical Research Laboratory, Boston City 
Hospital, Boston) 


(Received for publication, June 25, 1937) 


In Papers II and III it was demonstrated that the mechanism 
of the action of serum phosphatase involves not merely enzyme 
and substrate, but a complete enzymatic system, which can be 
influenced by action on its different parts. 

A procedure was described which, by means of ascorbic acid, 
aided in distinguishing between high phosphatase activity and 
increased amount of enzyme. This method was used for an in- 
vestigation of serum phosphatase in diseases in which high values 
had been considered evidence of increased amount of enzyme. It 
was necessary to take into consideration the time factor in the 
phosphatase reaction in order to compare the ascorbic acid activa- 
tion in normal subjects and in patients with diseases associated 
with low or high initial phosphatase values; that is, it was neces- 
sary to carry out successive determinations of phosphatase split- 
ting over a period of 24 hours before and after activation with 
ascorbic acid and to determine at which time the different results 
can be best compared with one another. The diagrams obtained 
in this way from healthy persons and from patients with different 
diseases with high phosphatase values may be distinguished by 
the gradient of the 24 hour curve, with the result that the posi- 
tion and contours of the line in the 24 hour diagram of phosphatase 
splitting may be helpful for differential diagnosis of diseases in 


* This study was aided by grants from the Rockefeller Foundation, the 
Bingham Associates Fund, and the Charlton Fund. 
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patients who show high phosphatase values in the serum. The 
method followed for the single determination is the same as that 
outlined in Paper I of this series. In each case two 24 hour curves 
were plotted, one with the addition of ascorbic acid and one with- 
out. 

In answer to the question, what is the optimal time for compari- 
son of different sera after activation with ascorbic acid, Fig. 1 
shows definitely that the best time for comparison is after 1 hour 


T normal 
050 duct bile ligation --~ 
026 ----- ascorbic acid 
activation 
000 
018 
© 
> 
aw 
006 
- 


Time itn hours 


Fic. 1. 24 hour phosphatase curves of normal and pathological sera 
with and without ascorbic acid addition. 


of incubation. Ascorbic acid, as already shown in Paper I, is 
very rapidly oxidized in alkaline medium and then becomes inac- 
tive. For this reason, the phosphatase splitting in normal and 
pathological sera, as presented in Table I, is determined 1 hour 
after activation. 

In Fig. 1 Curves I and II are derived from the serum of normal 
patients, Curve III from a patient with osteitis fibrosa localisata, 
Curve IV from serum of a dog after common bile duct ligation, 
and Curves V and VI from patients with Paget’s disease. 
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The characteristics of these curves are as follows: In the non- 
activated normal serum, the phosphatase activity is low and in- 
creases slowly within 24 hours. In the normal serum previously 
activated with ascorbic acid, the phosphatase activity rises rapidly 
but only in the Ist and 2nd hours, later on remaining almost paral- 
lel to the non-activated serum line. The phenomenon which is 
characteristic for the activated normal serum may be explained by 
the assumption that the ascorbic acid is present only in the re- 
duced form at the beginning of the experiment. 

The curves showing the phosphatase activity in the sera of Pa- 
get’s disease exhibit a proportional and continuous increase of 
enzymatic splitting during the 24 hour period. The sera of the 
same patients previously activated with ascorbic acid show the 
same phosphatase activity curve as the non-activated serum; 
t.e., a rapid and proportional increase of phosphatase splitting. 

The curves of serum from cases of osteitis fibrosa localisata and 
the curves obtained in serum after common bile duct ligation 
exhibit a mean position on the chart in relation to those of the 
normal and of Paget’s disease. 

In osteitis fibrosa localisata, in spite of the increased initial 
phosphatase value, the diagram shows a similar curve to that ob- 
tained with activated and non-activated normal sera; that is, a 
rapid rise after activation, later on remaining almost parallel with 
the line of non-activated serum. 

In the non-activated serum of a dog after common bile duct 
ligation, a curve is obtained which at the beginning is similar to 
that in Paget’s disease and toward the end flattens out similar to 
the normal. This flattening of the slope after 4 hours, observed 
in the serum of the dog after common bile duct ligation, may be 
due to the deactivating effect of bile acids present in the bile in 
addition to the activating principle. 

Further experience with sera of high initial phosphatase values 
will determine whether or not this constant rise in phosphatase 
activity is characteristic of Paget’s disease and can be used in 
differential diagnosis. 

In Table I the phosphatase values of normal and pathological 
sera of different patients are compared with the values obtained 
1 hour after ascorbic acid activation. 

These figures show that the activation with ascorbic acid of 


| 
{ 
| | 
? 
| 
§ 
} 
He 


730 Serum Phosphatase Activity. V 


different normal and pathological sera gives an almost equal rise, 


in proportion to the phosphatase value before activation. 


TABLE | 


Re- 


Influence of Ascorbic Acid on Activity of Serum B-Glycerophosphatase in 
Normal and Pathological Cases 


Temperature, 37°; pH 8.9; time of hydrolysis, 1 hour; amount of serum 


used, 0.1 ee. 


Phosphatase activity, - 
Bodansky units 
Disease 
Schueller-Christian’s disease. .... 2.88 121.20 
6.38 77 .50 
27 .00 88 .70 


gardless of whether the serum phosphatase values were high or 
low before activation, the values in normal and pathological sera 


after activation vary but slightly. 
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The comparison of normal and pathological sera shows that the 
increase of split phosphorus is much higher in normal sera after 
activation. For instance, the first serum, with the value of 1.87 
Bodansky units, is activated to 90.0 Bodansky units after 1 hour; 
i.e... about 50 times as much. The serum from a patient with 
Paget’s disease showing a value of 48.75 Bodansky units is acti- 
vated in accord with the findings in the serum of dogs after com- 
mon bile duct ligation. Consequently, high phosphatase values 
in pathological cases as demonstrated in Table I should be ex- 


TABLE II 


Dilution Factor of Serum and Values Due to Ascorbic Acid Activation, 
Comparing Normal and Pathological Cases 
Temperature, 37°; pH 8.9; time of hydrolysis, | hour; substrate, sodium 
8-glycerophosphate. 
The results are expressed in Bodansky units. 


| Serum concentrations 
10ce. | Olece. O.0lce. | 0.001 ce. 0.0001 ce. 
| mag | 
Normal A | 30.00 | 6.60! 2.10. 
37.00 | 9.50] 4.50 | 
| 5.0 60.20 | 61.30 56.20 
26.20 | 3.10] 1.30 | | 
| 35.70 | 3.50] 0.90 
69.20 | 56.00) 49.20 | 
Paget’s disease | 41.50 | 15.70 | 3.70 | 1.80 
0.5 | 49.00 | 22.50 | 2.80 | 1.60 
ie 125.00 | 46.00 | 3.90 | 2.00 


plained as due to increased enzymatic activity and not on the 
assumption of an increased enzyme amount. 

In order to confirm this explanation of the high serum phos- 
phatase values in pathological cases, another experiment was 
carried out which approached this question from another point of 
view. It was found that normal serum could not be activated 
further with ascorbic acid if diluted beyond 1:100. Now, if 
the high phosphatase value found in Paget’s disease should be due 
to an increased amount of enzyme, then dilution to 1:1000 of the 
serum of patients suffering from Paget’s disease should contain a 
higher enzyme concentration than normal serum diluted to 1:100. 
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The experiments (Table I1) show that serum of Paget’s disease 
diluted 1:1000 could not be activated, just as the normal serum of 
the same concentration fails to become activated. This result 
shows conclusively that serum of Paget’s disease does not contain 
a greater amount of phosphatase than normal serum. High 
phosphatase values in sera after bile duct obstruction and in sera 
from dogs with bile fistula, as was shown in Papers II and _ III, 
as well as high phosphatase values in human serum as demon- 
strated in this communication, are due to a higher activity of 
phosphatase and not to an increase in the amount of enzyme. 

We have demonstrated in this series of papers that a higher ac- 
tivity of serum phosphatase can be produced by different proce- 
dures. The mechanism can only be explained by an action in- 
fluencing different parts of a combined enzymatic system. 

At this point the results presented in this and in Papers I to 
IV concerning phosphatase activity may be discussed from a gen- 
eral view-point in the light of our present knowledge of the 
mechanism of enzymatic action. 

Ascorbic acid increases serum phosphatase activity when £- 
glycerophosphate is used as a substrate. This activation takes 
place only during the Ist hour of splitting because the ascorbic 
acid is effective only in the reduced form and becomes ineffective 
by oxidation. Since phosphatase is present in serum in an Oxi- 
dized state, these results give evidence that the enzyme is highly 
active only in the reduced form. Substances similar to ascorbic 
acid, as well as certain metallic salts, are capable of producing 
such an active form of reduced enzyme system while being oxi- 
dized themselves. Similar reactions of ascorbic acid on enzyme 
activities have been already described with proteolytic enzymes, 
such as cathepsin (1, 2), papain (3), arginase (2, 4), and amy- 
lases (5). 

The experiments after occlusion of the common bile duct in 
which increased phosphatase values were parallel with increasing 
jaundice demonstrate that there are other mechanisms which are 
able to produce high serum phosphatase activity. As bile acids 
decrease phosphatase activity, as we have shown, other substances 
capable of increasing phosphatase activity must be present in the 
bile in such amount that they easily overcome the effect of these 
acids. 
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The nature of such substances may be assumed to be analogous 
to the coenzyme systems already described in the work of Warburg 
(6), von Euler (7), Kuhn (8), Meyerhof (9), and others. These 
investigators studied phosphatase in carbohydrate metabolism in 
muscles. These enzymes are the phosphoric ester-synthesizing 
ferments of glucose, pyruvic acid, and glycerolaldehyde phosphoric 
esters. 


Glycero- Phosphoric esters 
Phosphate of Sugars and 
KetO acids 


| 


Co-Dephosphorylase Co-Phosphorylase 
(Co- Factor) (Co-Zymase) 
é 


| 


/ ! p 0, 
Oxidized ! Reduced 
Enzyme 1 Enzyme 


Dehydro- __. Ascorbic 
Ascorbic Actd™ Acid 


Fic. 2. Illustration of the nature of phosphatase action, involving 
cofactor. 


The synthesis of these esters is carried out in the enzymatic 
system with the aid of the cozymase. According to Warburg 
and von Euler, cozymase is a definite chemical compound con- 
sisting of a combined phosphoric ester of the amide of nicotinic 
acid, pentose, and phosphoric acid, and has two different signifi- 
cant properties. On the one hand, cozymase transmits the phos- 
phate for the ester formation (10) and, on the other hand, 
cozymase acts as a result of its ability to influence the oxidation- 
reduction potential specific for phosphatese (Fig. 2). 

Analogous to the nature of the phosphoric ester-synthesizing 
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ferment which acts with the aid of cozymase on the oxidation- 
reduction potential of the enzymatic system, it may be understood 
that the action of the enzyme which splits phosphoric esters, such 
as 6-glycerophosphate, is of similar nature; 7.e., the phosphatase 
enzyme acts also as a combined system consisting of enzyme, co- 
factor, and oxidation-reduction potential. It would be easy to 
understand in such an enzymatic system the activating property 
of ascorbic acid in its reduced form. The reduced ascorbic acid 
is effective on the oxidation-reduction potential of the cofactor 
or on the oxidized enzyme itself. 

In contrast to the observed effect of ascorbic acid, which is 
temporary, the effect of the bile on serum phosphatase in the dog 
experiments is permanent as long as the obstruction of the bile 
duct persists. The portion upon which the bile acts in the enzy- 
matic system is perhaps different from ascorbic acid. In Paper 
IV it was demonstrated that in experimental jaundice after com- 
mon bile duct ligation, contrary to the view held hitherto, the 
amount of phosphatase is not increased. Therefore, the action 
of the bile must be on that portion of the enzymatic system which 
itself undergoes a mutual disintegration and a synthesis influenc- 
ing, by this process, the oxidation-reduction potential, that is 
the cofactor. 

The mechanism of this action by which the bile influences the 
enzyme activity could not be proved, but these three facts were 
found: (1) that the enzyme amount is not changed; (2) that as- 
corbic acid activation is temporary and therefore different in 
nature from the cofactor; and (3) that bile activation in the bile 
experiment is permanent may be understood only as due to action 
upon a cofactor. 

Serum phosphatase in Paget’s disease is similar to that in ob- 
structive jaundice, being permanently present in the blood stream 
in a more or less highly activated state. Our experiments demon- 
strate that the amount of phosphatase in Paget’s disease is not 
increased but its activity is increased. The type of activation is 
similar to the findings with the serum of dogs with common bile 
duct ligation and different from the transitory effect of activation 
by ascorbic acid or metallic salts. The presence of a permanently 
highly activated phosphatase in obstructive jaundice as well as 
in Paget’s disease suggests that in both cases the mechanism of 
activation may be similar; 7.e., in both cases the cofactor which 
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produces the phosphatase activity is influenced. The difference 
in the two conditions is evident; namely, in the one bile is present 
in excess, while in the other bile is absent in the serum. Thus it 
may be understood that the cofactor may be influenced by at 
least two different processes but which lead to the same effect. 

The significance of enzymatic systems (cofactor-enzyme 
potential) in physiology has been widely appreciated. Their 
significance in the etiology of pathological processes, exemplified 
in the present'study by the disturbance of the enzymatic system 
of phosphatase, was the aim of these experiments. 


SUMMARY 


1. The activation with ascorbic acid is used to determine 
whether an increase in the amount of enzyme or an increase of 
phosphatase activity results in high phosphatase values in patholog- 
ical conditions. 

2. The different influence of time upon enzymatic splitting of 
8-glycerophosphate in normal serum, serum of Paget’s disease, 
serum of osteitis fibrosis localisata, and a serum of common bile 
duct ligation is demonstrated. 

3. For comparative studies of phosphatase activity in normal 
and pathological cases the value after 1 hour is considered as most 
adequate. 

4. Normal and pathological cases, regardless of whether the 
serum phosphatase values before activation were high or low, show 
almost the same values after 1 hour of ascorbie acid activation. 
This result is assumed to be a proof that increased phosphatase 
values must be explained as increased phosphatase activity and 
not as an increased amount of phosphatase enzyme. 

5. These results indicate that the phosphatase enzyme system 
is of a complex nature, consisting of enzyme, cofactor (influencing 
the reduction-oxidation potential specific for phosphatase activ- 
ity), and substrate. 

6. The suggestion is put forward that disturbances of analogous 
complex systems may be important in general pathogenesis. 
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THE MILK-CLOTTING ACTION OF PAPAIN* 


By A. K. BALLS anp SAM R. HOOVER 
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(Received for publication, August 18, 1937) 


Although the milk-clotting action of papain has been recognized 
for many years, this property of the enzyme has received little 
quantitative attention. It appears to be, however, a character- 
istic property of the proteolytic component of this enzyme system. 
Various workers have brought forth evidence as to the composite 
nature of the papain system, which has at least two components. 
In the most recent work Bergmann and coworkers (1-3) have 
tentatively designated them as Papain Peptidases I and Il. The 
first one is characterized as splitting benzoylisoglutamine and 
hippurylamide, and is completely inhibited by phenylhydrazine 
and other carbonyl reagents. The second splits peptone er 
albumine and gelatin, and is activated by phenylhydrazine. Con- 
trolled oxidation with iodine inactivates both components; subse- 
quent reduction with HCN restores only the activity of Pepti- 
dase II. 


Method 


A solution of dried whole milk was found by Kunitz (4) to be a 
more reproducible substrate for clotting experiments than fresh 
milk. 20 gm. of dried milk were ground to a smooth paste with a 
small amount of diluted acetate buffer,! pH 4.60, and diluted with 
this buffer to 100 cc. The liquid was then filtered through cheese- 


* Food Research Division Contribution No. 339. 

1A standard buffer is prepared by mixing 2 volumes of m CH;COOH 
with 1 volume of MNaOH. 10 cc. of this buffer diluted to 85 cc. and added 
to the dried milk give a total volume of 100 ce. The concentrated buffer 
cannot be added directly to the dried milk or first paste without affecting 
the stability of the emulsion obtained. 


737 


4} 
| 
| 
| 
| 
& 
| 
f 
£ 


738 Milk-Clotting Action of Papain 


cloth. It is stable for several weeks when kept in the ice box 
under toluene. 

The test solutions of papain were prepared by grinding the crude 
enzyme to a smooth paste with a small amount of water in a 
mortar. The paste was diluted (with grinding) to the volume 
required? and then filtered through paper. 1 cc. of various dilu- 
tions of this solution was incubated in test-tubes 15 mm. in diam- 
eter at 40° with 10 cc. of the milk preparation. The time was 
observed when the tubes showed a thickening on tilting; this is 
prior to the complete setting and is rather sharp. In the case of 
papain, the time of clotting is apparently unaffected by this 
shaking. 

An excess of activator appears to be required in order to obtain 
complete activation. With all preparations except fresh latices, 
it is therefore necessary to activate the enzyme first. This was 
done by diluting with H.S water and bubbling H.S through the 
solution for 30 to 60 minutes at room temperature. ‘Treatment 
at 40° with an excess of cyanide or cysteine (both at pH 5) was 
also satisfactory. 

Natural papain can be tested in freshly prepared solutions on 
freshly prepared milk. A short clotting time must also be used 
to avoid oxidation. 

For practical purposes it is best to choose an amount of enzyme 
that can be expected to clot the milk in from 1 to 5 minutes and to 
observe the time with a stop-watch. A glass-walled thermostat 
permits the tube to be tilted without removal from the bath. 
Experiments on the same enzyme solution show that the value 
for the clotting time can if desired be reproduced with great 
accuracy. Duplicate results do not ordinarily vary by more 
than +5 per cent. Differences in activation of the enzyme may 
easily lead to larger deviations, however. 

Kinetics of the Clotting Process—Except for very small concen- 
trations of enzyme, the time required for clotting is inversely 
proportional to the amount of enzyme present. The relation 
between clotting time and enzyme concentration is therefore a 


2A 5 to 10 per cent solution (based on the weight of dry enzyme used) 
is recommended. We have repeatedly observed that dilute papain solu- 
tions without added activator lose activity on standing, to some extent 
irreversibly. See also (5). 
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straight line, as shown in Fig. 1. Where Eis the weight of enzyme 
(in mg.), and ¢ the time (in minutes), 


E = K/t (1) 


It follows from Equation 1 that EF = K when ¢t = 1; therefore, 
the activity per mg. (1/#) is 1/K. For all purposes connected 
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Fig. 1. Relationship between clotting time (reciprocal) and amount of 
enzyme. Curves I, II, III, and IV represent H,S-activated papains; 


Curve V, Natural Papain I. 


with the assay of papain preparations, this expression is suffi- 
ciently accurate. 

At low concentrations of enzyme, however, the relationship no 
longer holds. The time required for coagulation by a small dose 
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of enzyme is much longer than would be expected from the fore- 
going, and the system behaves as though a part of the enzyme did 
not take part in the clotting reaction. Thus the curves of Fig. 1 
do not pass through the origin (as they do in milk coagulation 
produced by chymotrypsin) but instead cut the axis of enzyme 
quantity at a finite value. Below this value the enzyme, though 
present, does not clot in any reasonable time. Experiments have 
shown, however, that amounts of enzyme too small to clot the 
milk within a reasonable time nevertheless have some effect on 
the system, because such pretreatment of the milk reduces the 
clotting time observed when an adequate quantity of enzyme is 
subsequently added. 

If c denotes the amount of enzyme removed from action during 
the clotting,’ then the available enzyme is # — c, and the previous 
expression (Equation 1) becomes 


(E — c)t = K’ (2) 


This accurately describes the relation between time and enzyme 
concentration over the range of our experiments. The magnitude 
of the deviation from direct proportionality is shown in Table I 
for Specimen IV of Fig. 1. 

The quantity of enzyme inactive during the clotting may be 
measured thus for any particular papain preparation, and ex- 
pressed in terms of weight. (In Specimen IV, Table I, this 
quantity is 0.29 mg.) If, however, the activity of the prepara- 
tion is taken into account, it may be seen that the same amount of 
enzyme activity is lost to the clotting reaction in all cases, inde- 
pendent of the preparation used. This is shown in Table II, 
where the weight of enzyme inhibited (c) is multiplied by the unit 
activity (1/K). The product c/K equals the inhibition per unit 
activity. In Table II c and K are determined by inspection of 
Fig. 1, and c/K is shown to be substantially constant for all the 
samples of papain studied. 

Evidently the milk contains a substance capable of inhibiting 
the active enzyme. The amount of enzymic activity inhibited 
is a property, not of the enzyme used, but of the substrate. 


3 cis determined either by solving simultaneous equations for the various 
points or by determining the intercept on the E axis when 1/t is plotted 
against 
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The kinetics of milk clotting by papain, therefore, vary from 
those observed for rennin by Holter (6) and for chymotrypsin. The 
clotting with rennin is represented by the expression E(t — xz) = K, 
where x is probably the time lag of clotting after proteolysis has 


TABLE I 
Amount of Enzyme (Specimen IV) versus Clotting Time 


mg. min, 
2.0 2.25 4.5 3.9 
1.0 5.25 § .25 3.7 
0.75 8.33 6.25 3.8 
0.50 18.0 9.0 3.8 
TaBLeE II 
Showing Loss in Enzymic Activity Is Independent of the Preparation Used 
Papain K e/K 
H.S-Activated Specimen [.................. 0.23 2.55 0.090 
H.S-Activated Specimen III................ 0.27 4.0 0.067 
BW 0.29 4.1 0.071 
TaBLeE III 
Effect of Temperature on Clotting Time 
{ Paneer Time of clotting E.t=K Temperature coefficient 
ature 
5 mg. 2.5 mg. 5 mg. 2.5 mg. Qio 
min. min. 
60 2.5 5.0 12.5 12.5 
49 4.5 8.8 22.5 22.0 50-60 ha 
36.6 14.0 28 .5 70.0 70.6 40-50 2.4 
30 32.0 67 .0 160.0 | 168 | 30-40 3.4 


reached the requisite stage. In chymotryptic clotting, neither 
the rennin nor the papain equation fits, but the simple relation- 
ship Z.t = K holds over a 30-fold dilution range. Fig. 2 contains 
data of S. Schwimmer, of this laboratory, for crystalline chymo- 
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trypsin on the milk preparation previously described. Appar- 
ently there is a fundamental difference in the reactions of milk 
clotting by these three enzymes. 

Effect of Temperature on Clotting Time—The temperature coeffi- 
cient of the clotting time was determined with unactivated papain 
in a sufficiently high concentration for c to be negligible in Equa- 
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05 CHYMOTRYPTIC CLOTTING OF MILK AT 30° 


.08 
Emg.* 
Fic. 2. Relationship between clotting time (reciprocal) and amount of 


chymotrypsin. The asterisk indicates mg. of dried filter cake, containing 
MgSO,. 


tion 2. The values for Qi. shown in Table III were taken from 
the smooth curve of the activity-temperature relationship. It is 
evident that Equation 1 holds at lower temperatures for much 
longer time intervals than at 50°. 


‘In order to avoid the possible influence of agitation during chymo- 
tryptic clotting, the recorded clotting time was determined after several 
preliminary runs for the purpose of approximating it. 
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Activation and Effect of Phenylhydrazine—Activation of the 
clotting power by cysteine and H.S is complete in 15 minutes, 
and the activated enzyme is remarkably stable. In the presence 
of reducing substances such as cysteine or cyanide, solutions have 
been kept at 40° for days with scarcely detectable change in po- 
tency. ‘There is no significant change in this property whether 
the phenylhydrazine is added with or after the activator. 

Table IV shows the effect of phenylhydrazine on clotting time. 
Neutralized phenylhydrazine hydrochloride was incubated with 
the enzyme at 40° for 15 minutes. 

Natural papain, on the other hand, is clearly activated by 0.05 m 
‘phenylhydrazine. ‘This is presumably due to the reduction of the 


IV 


Effect of Phenylhydrazine on Clotting Time 

Enzyme | Pig | 

mg. min, 

H.S-activated papain.............. 2.5 0 1.75 


natural activator by the reagent, analogous to its known reduction 
of methylene blue.§ 

Assay of Milk-Clotting Activity of Papain—By working with 
sufficient enzyme, it is possible to ignore the amount of ferment 
destroyed during the reaction, and so to use the expression 
E = K/t (Equation 1). If a unit of activity is defined as the 
amount of enzyme which clots the milk in one test-tube (under 
the conditions described) in 1 minute, then the units of enzyme 
present in H mg. of preparation are 1/t, and units of enzyme per 
mg. of preparation used = 1/E-t. This method of assay shows 
quite satisfactory agreement with the casein digestion method 


’ Bergmann and Ross (2) advance another explanation of the activation 
by phenylhydrazine as due to a shift in a dissociation equilibrium of a 
postulated compound of the two peptidases. 
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previously worked out in this laboratory (7) and also with the 
proteinase activity as shown by the determination of nitrogen 
not precipitable with trichloroacetic acid, after the manner used 
by Anson (5), but with casein as a substrate (Table V). 

It is not to be expected that the agreement between clotting 
units and titration units will hold in all cases, because on the same 
enzyme preparation, the casein-splitting activity may be reduced 
by the addition of phenylhydrazine, without affecting the milk- 
clotting activity. It is evident, however, that for normal ferment 


TABLE V 
Assay of Papain by Various Methods 


Papain | Protein Nt 
H.S-Activated Specimen [.................. 0.39 0.20 48 


* The titration units used are the reciprocal of the A obtained according 
to the method of Balls, Swenson, and Stuart; this is done to obtain both 
figures as activity per mg. 

+t 2 per cent casein was digested at pH 5.6 with KCN-papain and the 
nitrogen rendered non-precipitable with trichloroacetic acid was deter- 
mined by Anson’s (5) method. The figures are purely arbitrary units and 
refer to tyrosine equivalents liberated at 30° per mg. of enzyme, averaging 
3 minute and 5 minute digestion intervals. (The function is practically 
linear for short time intervals.) 


preparations and for short periods of digestion, the titration values 
will, as a rule, be comparable to the milk-clotting assay. 

The increase in nitrogen not precipitable by trichloroacetic acid 
seems, however, to be the nearest approach to true proteinase 
action, and the values obtained for this activity over a 5-fold 
range are in good agreement with the relative power of these 
specimens of papain to clot milk. 

There is every indication that the milk-clotting power of papain 
represents its proteinase activity. 


SUMMARY 


On the basis of the experiments recounted here, the milk-clotting 
component of papain appears to agree rather closely with the 
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current conception of a papain proteinase. It is activated by 
H;S, cysteine, and cyanide, has a high temperature optimum, and 
is not inhibited by phenylhydrazine but rather is activated by 
this substance. 

A study of the kinetics of the clotting effect showed that the 
time required is a straight line function of the enzyme concentra- 
tion, as is the case with chymotrypsin, but with this difference, 
that a quantity of the enzyme—constant for any given prepara- 
tion—is inhibited’ by the milk. The relationship is accurately 
expressed by an equation of the form (£ — c)t = K’, as explained 
in the text. 

The rapidity and simplicity of the technique, and the probable 
connection between the clotting time and the proteolytic proper- 
ties of papain, make the determination of the clotting power a 
valuable aid in describing the activity of this mixture of enzymes. 
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THE MECHANISM OF THE REACTION OF SUBSTITU- 
TION AND WALDEN INVERSION. II 


By P. A. LEVENE, ALEXANDRE ROTHEN, ann MARTIN KUNA 


(From the Laboratories of The Rockefeller Institute for Medical Research, 
New York) 


(Received for publication, September 16, 1937) 


In the past, two divergent views were maintained regarding 
the effect of substitution of a halogen atom for a hydroxyl group 
in a-substituted carboxylic acids and in secondary alcohols. 
Naturally, the configurational relationships of the halogeno and 
hydroxy! derivatives based on the two views likewise were dif- 
ferent. In regard to the acids, both conclusions were reached 
on the basis of empirical rules of shift. Freudenberg! based his 
conclusions on the shift of the direction of rotation on passing 
from the ester to the dimethylamide; Levene,? on the shift of 
the direction of rotation on passing from the free acid to the salt. 
The conclusions of Clough* were similar to those of Levene. 

As regards the substituted hydrocarbons, Phillips* and later 
Kenyon‘ based their conclusions on the change in rotation affected 
by substitution of either a hydroxy] or a halogen for a tolylsulfo 
residue, whereas Levene and coworkers took as a basis for their 
reasoning the assumption that similar changes in polarity of a 
substituent resulted in similar changes in rotation. They em- 
ployed as a model the changes of rotation produced by oxidation 
of —SH derivatives into —SO;H derivatives. 


1 Freudenberg, K., and Markert, L., Ber. chem. Ges., 60, 2447 (1927). 
Freudenberg, K., and Lux, A., Ber. chem. Ges., 61, 1083 (1928). 

* Levene, P. A., Mori, T., and Mikeska, L. A., J. Biol. Chem., 76, 337 
(1927). Levene, P. A., and Mikeska, L. A., J. Biol. Chem., 76, 587 (1927). 

* Clough, G. W., J. Chem. Soc., 113, 526 (1918); 127, 2808 (1925); 1674 
(1926). 

‘ Phillips, H., J. Chem. Soc., 123, 44 (1923); 127, 2552 (1925). 

* Kenyon, J., Phillips, H., and Turley, H. G., J. Chem. Soc., 127, 399 
(1925). 
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When Levene and coworkers later correlated the configurations 
of a-hydroxy acids with those of secondary carbinols and of a- 
halogeno acids with corresponding secondary alkyl halides, they 
found agreement between their later and original conclusions as 
to the configurational relationship of halogeno and hydroxy 
derivatives. 

It must be emphasized at this place that the arguments used 
by all workers of that time were based on empirical observations, 
and besides all had the weakness that the total rotations in the vis- 
ible region and not the partial rotations of individual groups of 
the molecule were considered. ‘The significance of the latter has 
been emphasized in recent years by Werner Kuhn.® 

The inadequacy of the arguments of individual workers as a 
basis of correlation of configuration has also been pointed out from 
time to time. Thus, the arguments of Kenyon and of Phillips 
have been criticized by Freudenberg,’ who regarded their con- 
clusions as fortuitous. As to his own postulates, Freudenberg® 
later admitted that in their original form they were stated too 
broadly and that they needed to be modified, having himself 
discovered exceptions to his rule. The inefficacy of his rule was 
pointed out also by Reihlen and Kndépfle® as well as by Levene 
and Marker.'® Thus it may be said that the conclusions of 
Freudenberg are also fortuitous. 

As regards our own conclusions, it should be said that we our- 
selves observed that our “rule of shift’’ holds in all a-hydroxy and 
a-amino acids, but not in all otherwise substituted carboxylic 
acids. We have felt for a long time that our views might have to 
be revised and wrote in 1929" that “all the methods thus far em- 
ployed . . . are indirect and therefore conclusions reached by 
them are not infallible.” Later we wrote” that ‘the possibility 
is not entirely excluded that both our assumptions need to be re- 
versed in their sense.” 


6 Kuhn, W., Ber. chem. Ges., 63, 190 (1930). 

7 Freudenberg, K., Stereochemie, Berlin and Vienna, 715 (1932). 

®§ Freudenberg, K., and Meister, M., Ann. Chem., 518, 86 (1935). 

® Reihlen, H., and Knépfle, L., Ann. Chem., 523, 199 (1936). 

0 Levene, P. A., and Marker, R. E., J. Biol. Chem., 97, 380 (1932). 
1! Levene, P. A., and Haller, H. L., J. Biol. Chem., 81, 426 (1929). 

2 Levene, P. A., and Haller, H. L., J. Biol. Chem., 81, 704 (1929). 
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To choose between the two divergent conclusions a third prin- 
ciple recently has been made use of; namely, the theory of the 
mechanism of substitution, stating that in simple normal alky! 
derivatives every substitution by a negative group or atom is 
connected with an inversion of configuration. The results ob- 
tained by this method coincide with those of Freudenberg on the 
one hand and of Phillips and of Kenyon on the other. 

It must be mentioned here, however, that the views of Kenyon 
et al.* on the correlation of secondary carbinols and amines are in 
disagreement with ours. Were they correct, the conclusions 
reached by us on the basis of the theory of the mechanism of sub- 
stitution should have been in disagreement with the conclusions of 
Freudenberg and of Phillips and of Kenyon and in agreement with 
our older views. Hence, to test the conclusions reached on the 
basis of the theory of the mechanism of substitution, another in- 
dependent method is now employed; namely, the analysis of the 
effect of substitution in which the substitution cannot be con- 
nected with an inversion of configuration. Naturally, the test 
would also be one of the validity of the theory of the mechanism 
of substitution, stating that in the normal saturated alkyl] deriva- 
tives substitution by a negative group or atom is associated with a 
change of configuration. In addition to the substances discussed 
in previous publications, the —-SH and —SO;H derivatives (see 
Table I) are also discussed here for the reason that these deriva- 
tives, as already stated, had been used by us as a basis for our 
older conclusions. 

Configurational Relationship of a-Substituted Carboxylic Acids— 
In Rows B and C of Table II are given the partial rotations of the 
absorption bands nearest to the visible region and those of the 
rest of the molecule of the a-substituted acids. This series of 
substances was chosen for discussion first, because their rotatory 
dispersion curves are easier to analyze, since the first absorption 
bands of the —-Hl atom and of the —-N; or —-SH group are aniso- 
tropic. It must be borne in mind that the configurational re- 
lationships of a-hydroxy and of a-amino acids to the primary 


43 Levene, P. A., Rothen, A., and Kuna, M., J. Biol. Chem., 120, 777 
— (1987). Levene, P. A., and Rothen, A., Science, 85, 440 (1937). 
4 Kenyon, J., Phillips, H., and Pittman, V. P., J. Chem. Soc., 1072 (1935). 
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carbinols and to the primary amines have already been estab- 
lished.® 


In Row B of Table II the substances are correlated on the basis 
of the theory of the mechanism of substitution. 


TABLE II 


Direction of Partial Rotations cf Substances of the General Type, 
H—C—(CH3)n.X 
(R; = CH; or COOH; R; = alkyl group; n, = 1 or 0; X = Hl, N;, SH, OH, 
NH2, 8O;H) 


| 
R; Rotation in visible) — > +/+) +4 
region 
B COOH Partial rotation of X | + | + ee + | + 
| | 
| —COOH 
Rs Rotation in visible} — | — 
region 
C COOH Partial rotation of X | +} 
| H—C—X of | 
—COOH | 
| R; | Rotation in visible | | -| +] 
region 


In Row C the acids are configurationally correlated on the basis 
of the “rule of shift’? of Levene and coworkers who ascribed iden- 
tical configurations to the a-carboxylic acids showing a shift in 


'® Levene, P. A., and Rothen, A., J. Biol. Chem., 119, 189 (1937). 
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rotation in the same direction on passing from the undissociated 
acids to their ions. 

It can be seen that in Row B the partial rotations of groups or 
atoms closely related, such as —H1, —-SH, and —Ns, are notof the 
same sign, whereas they are of the same sign in Row C. 

Kuhn" had developed a theory which led to some practical 
conclusions, one being that the partial rotations of the -—N3 group 
and of the halogen atoms need not be of the same sign in con- 
figurationally related substances but that their vicinal effect, that 
is their effect on the direction of rotation of the rest of the mole- 
cule (second partial rotation), remains the same throughout the 
series of configurationally related substances of the same type. 
The correlation of substances according to Row B is in disagree- 
ment with the conclusion regarding the identity of the vicinal 
effect of the halogen atoms and of —-N3; the correlation according 
to Row C is in agreement with it. Thus, one arrangement is in 
disagreement with the optical considerations of Kuhn and the 
other with the theory of the mechanism of substitution. Which 
is correct? 

Comparing the corresponding partial rotations in substances of 
Row A with those of Row B, one finds them similar in that in 
each series the partial rotations of —-Hl and —-SH are in one direc- 
tion and those of —N; and of —SOsH are in the opposite direction. 
In both series, —-N; group and halogen atom, though similar in 
their chemical properties, have partial rotations of opposite sign; 
the groups —N; and —-SO3H, though different in chemical proper- 
ties, exhibit partial rotations of the same sign. ‘Thus, a com- 
parison of the partial rotations of Series A and B lends support to 


the validity of the correlation given in Row B rather than Row C. 
R, 


Configurational Relationships of Substances of Type H—C—X 
Rs 

(R, and R; = alkyl groups; [Ri < Rs]; X = —OH, —NH),, 

—S0;3H, —N;, —HI, —SH). The problem of correlating the 


partial rotations of substances of this group is beset with many 
difficulties. First of all, the weak absorption bands located near- 


Kuhn, W., and Braun, FE., Z. physik. Chem., Abt. B., 8, 281 (1930). 
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est to the visible region, and to which so much importance is at- 
tributed by the theory of Kuhn, are in substances of this group 
either not anisotropic at all or barely active. The bands furnish- 
ing the first partial rotation of the individual substances may be- 
long to entirely different electronic states. The existence of a 


Tasie III 
Direction of Partial Rotations of Substances of General Type, 
CH; 


| 
X 


R; 
(R; = alkyl radicles, = Oorl; X = OH, SO3H, N;, Hl, SH) 


@ 
A CH; Ist partial rotation ti 


| | | 

R; | Rotation in visible — + | + +i t+ 


region 


B CH; Ist partial rotation 


| | 
| 
| Rotation in visible; 


C CH; Ist partial rotation 


| | | 
R; | Rotation in visible | +} +) +/+ 
‘region | | | | | 
} 


weak anisotropy in some bands is often assumed and not directly 
measured. Thus the dispersion curves of the secondary alcohols 
are assumed to be quasi-normal for the reason that the higher 
members of the homologous series with respect to Ri show an 
anomalous dispersion. A similar assumption is made for the 
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amines, because the first member of the homologous series with 
respect to R; shows an anomalous dispersion. The first partial 
rotation of the azides is attributed to an absorption region cor- 
responding to the second absorption region of the halides. The 
fact that the higher members of azides with respect to n,; rotate 
in opposite direction from the lower is interpreted by the assump- 
tion that an absorption band anisotropic in the lower members 
becomes inactive in the higher members, whereas another close 
band acquires optical activity. 

In Table III are compared the partial rotations of alkyl deriva- 
tives having nz = 1 and nm; = 0. In Row B the substances are 
correlated on the basis of the theory of the mechanism of sub- 
stitution; in Row C, on the basis of the analogy of the shift of 
direction of rotation on passing from the —SH to —SO;3H deriv- 
atives. The arrangement in Row B happens to be the same as 
that arrived at by Phillips‘ and by Kenyon, Phillips, and Turley 
in regard to the relationships of the —-OH and —HlI derivatives. 

Comparing the signs in Rows B and C, one is struck by the uni- 
formity in sign of the partial rotations of all the corresponding 
absorption bands in Row C, as was the case in the a-substituted 
acids correlated as in Row C of Table Il. In Row B, however, 
such similarity does not exist. The dextrorotatory contribution 
of the —N; group in the azido derivatives corresponds to the 
levorotatory contribution of the halogen atoms in the halides. 
In this respect the members of this series resemble those of Series 
A, whose configurations are definitely correlated. _ 

Thus it is the identity of the signs of the corresponding partial 
rotations of the substances of Series A and B of Table II partic- 
ularly, and of the substances of Series A and B of Table III, 
that inclines us to give preference to the configurational arrange- 
ments made on the basis of the theory of the mechanism of sub- 
stitution. 


SUMMARY 


1. Additional evidence has been presented justifying the as- 
sumption made previously that the substitution of an —N3; group 
for a halogen atom proceeds by the same mechanism as the sub- 
stitution of a halogen for a halogen, and therefore the general 
conclusion is justified that in normal saturated aliphatic derivatives 
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every reaction of substitution on the asymmetric carbon atom is 
connected with a change of configuration. Thus in this restricted 
group of substances the outcome of a reaction of substitution is 
predictable. 

2. The configurational relationships of secondary carbinols 
and corresponding halides and of a-hydroxy and a-halogenocar- 
boxylic acids, as formulated by Clough as well as by Levene and 
Mikeska and Levene and Rothen, should be revised in favor of 
those advocated by Freudenberg and Kuhn et al. 


EXPERIMENTAL 


Data concerning the rotatory dispersion of the mercaptoalkyls 
and alkylsulfonic acids are presented in this communication. 

Rotatory dispersion and absorption measurements have al- 
ready been published for the corresponding alcohols,'’ halides,'® 
azides,'® and amines”? as well as for the hydroxy and halogeno 
acids?! and mercapto and sulfo acids.” 

Absorption Spectra—All mercaptoalkyls are transparent from 
the visible region down to \ 2750. For wave-lengths< 2700, 
the shape of the absorption curve is nearly the same for all of 
them. The first absorption region is undoubtedly due to the 
——SH group, and there is an unmistakable maximum at A 2275. 
The absorption bands of higher frequencies, however, overlap 
to such an extent that only a “flattening” of the curve can be 
observed. The absorption curve of 2-methyl-l-mercaptobutane 
may be seen in Fig. 1. From \ 2700 to \ 2275, the absorption 
curve can be expressed within the limits of error by an exponential 
equation based on a Maxwellian distribution such as 


2 
( 0.0210 


where \ is expressed in microns. 


« = 156e 


7 Levene, P. A., and Rothen, A., J. Biol. Chem., 116, 209 (1936). 

1% Levene, P. A., Rothen, A., and Marker, R. E., J. Chem. Phystc., 4, 
442 (1936). 

'? Levene, P. A., and Rothen, A., J. Chem. Physic., in press. 

*? Levene, P. A., Rothen, A., and Kuna, M., J. Biol. Chem., 120, 759 
(1937). 

*t Levene, P. A., and Rothen, A., J. Biol. Chem., 107, 533 (1934). 

2 Levene, P. A., and Rothen, A., J. Chem. Physic., 6, 681 (1934). 
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The alkylsulfonic acids are practically transparent for \ 


>2050 A. 
Rotatory Dispersion—Rotatory dispersion data have been sum- 
marized in Table IV for the mercaptoalkyls and in Table V for 


the alkylsulfonic acids. 


250 
200 
Calis 
150 
275 
100 
50 


0 
2800 2700 2600 2500 2400 2300 2200 2100 
A 


Fig. 1. Absorption curve of 2-methyl-l-mercaptobutane (€ = molecular 
extinction coefficient). 


Mercaptoalkyls—The first absorption region of these derivatives 
isnot anisotropic. This is in harmony with the observations made 
in many other cases; that is, when there is only one functional group 
in the molecule, its first absorption band generally contributes very 
little to the total molecular rotation. 
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TABLE IV 


| Dextro-2-mercapto- 


butane in heptane 
i 25 
1.4473; 
c = 1.034 mM 


Visible region, = | 


Dextro-2-mercapto- 
octane in alcohol 

e = 1.116™m 
Visible region, 
em. 
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Rotatory Dispersion of Configurationally Related Mercaptoalkyls 


(in racuo) 


ec = 1.035 mM; visible 


Dextro-2-methyl-1- | 
mercaptobutane 
in heptane 


= 0.8408 


Dextro-3-methyl-1- 
| mercaptopentane 
in heptane 

| 

| Visible region, | = 
| 40 cm.; ultraviolet, 


40cm. ; ultraviolet, | 8 672 region, = 100 cm. 
“max. 2—0.0365 ).3373 

A2—0.030 

| | | 
5875.6 2.483 39.98 1.391 | 3.071 | 4.726| 26.86 
5780.1} 2.578 | 41.51; 1.901 | 29.00) 1.427 | 3.151 | 4.899 27.84 
5460.7) 2.937 | 47.28) 2.163 | 33.00) 1.581; | 3.492 | 5.561 31.60 
4358.3} 5.00 | 80.5| 3.67 | 56.0/2.20 | 4.86 | 9.385 | 53.1 
4046.6, 6.03 | 97.1| 4.88 | 66.8/2.42 | 5.34 | 11.19 | 63.6 
3750 | | | 
3550 | | | | 3.90 | 88.6 
3400 | | | | : 4.40 | 100 
3310 | 2.65 | 171 | | | | 
3250 | | | | 4.90 | 111 
3200 | 2.90 | 187 | | | 
3150 | | | 5.40 | 123 
3080 5.90 | 134 
2990 2.60 | 159 | 
2965 (5 cm.) | 6.40 | 145 
2755 | | | | 0.90 | 205 

| | | | (1 em.) 


There is a great similarity between the rotatory dispersion of 


mercaptoalkyls and corresponding halides. 


general formula (1) 


the rotatory dispersion curves of compounds of each group are 


anomalous. The rotatory dispersion curve of 2-methyl-1l-mer- 


Rs 
I 


When nz = 1 in the 


(where R; = alkyl group 
X = SH or Hl) 


| 
| 
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captobutane may be seen in Fig. 2. A similarity is also found in 
0 and vm. = 2. The dispersion curves of 
members of both series are analogous, the dispersive power being 


substances having 


Substitution and Walden Inversion. I] 


somewhat greater when mn. = 0 than when n; = 2. 


TABLE V 


Rotatory Dispersion of Configurationally Related Alkylsulfonic Acids 


i Dextro-methy] ester 
: Levo-sodium salt of Levo-methyl Dextro-sodium salt | of 2-methylhexane- 
4 octane-2-sulfonic of of 2-methy!butane- i-sulfonic acid in 
acta 2-sulfonic acid in homogeneous state® 
i Visible l= c = 0.8726 M = 1.0752 (sn vacuo) 
40 l = 20 em. ne = 1.4328; 
| | h2—0.0255 
A. 
4 5875.6} —6.406) —24.72 3.668 | 12.367 | 7.740 | 14.067 | 
4 5780.1 {| —6.621; —25.55, —0.193 3.790 | 12.77 8.005 | 14.549 
5460.7 | —7.472) —28.84, -—0.212 | 4.271 | 14.39 | 9.065 | 16.476 
4358.3 |—12.20 —47.09) —0.33 6.895 | 23.23 | 15.03 | 27.32 
: 4046.6 |—14.32 | —55.27, —0.37 8.10 | 27.29 | 17.84 | 32.42 
E 3350 2.85 | 53.7 
: 3210 | | 3.10 | 56.3 
: 3110 | —3.15 | —97.2 | | 
: 2950 —3.65 |—113 | | 

2770 | —4.15 |—128 | | | 

2650 —4.65 |—143 | 

2530 —5.15 |—159 | 

* Measurements were also made in alcoholic solution. The dispersion 
was practically the same and the molecular rotations were about 4 percent _ 
smaller. 


Alkylsulfonic Acids—The interpretation of the rotatory dis- = | 
persion curves of alkylsulfonic acids is difficult on account of the | 
i location of their absorption bands in the distant ultraviolet region. 
4 The dispersion constant of a 1-Drude term is very low for the | 
| sodium salts of acids having nz = 0 (octane-2-sulfonic acid) and 
m2 = 1 (2-methylbutane-1l-sulfonic acid). Measurements in the 
d ultraviolet region for the sodium salt of octane-2-sulfonic acid, 
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however, show that the course of the rotatory dispersion is 
probably anomalous. There is no change of sign of rotation on 
passing from the salts to the methyl esters, and it is to be expected 
that the type of rotatory dispersion should be the same for both 
derivatives. The rotatory dispersion of the methyl ester of oc- 
tane-2-sulfonic acid is unquestionably anomalous, the constant 
of dispersion for a 1-Drude term calculated from measurements 
in the visible region having a negative value. On the contrary 


CH; 
H--C~-CH,SH 


CoHs5 


—Caiculated 
° Experimental 


i 
5900 5500 5100 4700 4300 3900 3500 3100 2700 


Fic. 2. Rotatory dispersion curve of 2-methyl-l-mercaptobutane 


the dispersion constant of 2-methylbutane-l-sulfonic acid is 
increased from the salt to the ester, and the dispersion curve of 


_ the latter compound may be considered normal. Thus the type 


of dispersion of the alkylsulfonic acids changes from the substances 
having m2 = 0 to those having ne = 1. This seems to be quite a 
general phenomenon for substances of type (1) where X is a func- 
tional group. In ecarbinols, amines, and sulfonic acids, the dis- 
persion is anomalous for ng = 0 and normal for nz = 1. In halides 
and mercaptoalkyls, the situation is reversed. 
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CHEMICAL STUDIES ON THE NEUROPROTEINS 


IV. ON THE NATURE OF THE PROTEINS OF THE ECTODERM: 
EUKERATINS AND PSEUDOKERATINS 


By RICHARD J. BLOCK 


(From the Department of Chemistry, New York State Psychiatric Institute 
and Hospital, New York) 


(Received for publication, September 9, 1937) 


The egg after fertilization divides until the single celled egg is 
converted into a large number of cells forming a hollow sphere. 
After this, approximately one-half of the sphere invaginates, 
forming a double walled cup, the outer wall of which, the ecto- 
derm, is turned toward the external world and serves for the pro- 
tection of the embryo. ‘This ectoderm gives rise to the epidermis 
of the skin, the hair, claws, feathers, quills, outer layers of scales, 
enamel of teeth, and the entire nervous system. 

Previous investigations have shown that all of the epidermal 
appendages studied were composed in part at least of a protein 
system which was resistant to digestion by pepsin and trypsin, 
insoluble in dilute acids and alkalis, in water, or in organic 
solvents and which yielded histidine, lysine, and arginine in such 
quantities that the molecular ratio of these amino acids respec- 
tively approximated 1:4:12 (1-5). On the other hand, the epi- 
dermis (6, 7) itself and the proteins obtained from the nervous 
system (8, 9) did not fit entirely into the conditions of this defini- 
tion. The epidermis and the nervous system consist in whole 
or in part of proteins which are relatively insoluble and which 
are quite resistant to enzymatic digestion. However, these 


proteins do not yield histidine, lysine, and arginine in the molec- 


ular ratios of approximately 1:4:12 and cannot therefore be 
classified as true or eukeratins but may be called pseudokeratins. 
761 
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EXPERIMENTAL 
Basic Amino Acid Composition of Horse Burrs 


Callosities are formed usually on those portions of the skin 
which are subjected to particular stresses or pressure. However, 
in the EHquide, there are structures having the appearance of 
callosities which are located on portions of the legs not subjected 
to unusual friction. In the horse, these ‘‘burrs’”’ are located on 
the inner side of the fore leg (the fetlock) and on the inner side 
of the hind leg, a little below the hock joint. They are about 
the size of a chestnut and become very hard after they are re- 
moved from the animal and dried in air. 

Analysis of Horse Burrs—15 gm. of air-dried burrs were ground 
in a mechanical grinder and extracted with hot water, acetone, 
hot aleohol, and benzene and dried at 110°. The horny material 
was then reground, sieved, and reextracted with boiling water 
and organic solvents. 2.5 gm. of this were analyzed for the basic 
amino acids by the method employed in this laboratory. The 
results are summarized in Table [. | 

Analysis of Residue after Digestion with Pepsin-— 8.000 gm. of 
the above material were suspended in 400 ec. of water containing 
12 ce. of coneentrated hydrochloric acid, and 160 mg. of 1:12,000 
pepsin were added. The digestion was allowed to continue for 
7 days at 35°. At the end of this time the residue was filtered off 
and washed with water and organic solvents and dried at 110°. 
Yield, 2.28 gm. The analysis of this material is given in Table I. 

Analysis of Residue after Digestion with Pepsin and Trypsin— 
26.070 gm. of the horse burrs were digested with pepsin-hydro- 
chloric acid. After 1 week the residue was removed, washed, 
and suspended in 1400 ec. of HeO. The suspension was brought 
to pH 7.4 with NaeCOs;, and then adjusted to pH 7.8 with 20 ce. 
of a 0.2 m phosphate-citrate buffer. 1.4 gm. of commercial 
trypsin in 600 ec. of water were added. Toluene was the pre- 
servative. The digestion was allowed to proceed for 1 week at 
35°. At the end of this time, the suspension was brought to 
about pH 6 with HCl, and the precipitate washed with water 
and organic solvents. Yield, 0.407 gm. The entire amount was 
used for the determination of the bases. Histidine could not be 
isolated. The results with arginine and lysine indicate the value 
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of this isolation method for relatively small amounts of protein. 
The analytical figures are given in Table I. 

It will be seen from Table I that the molecular ratio of lysine 
to arginine of the undigested horse burrs was somewhat less 


TABLE I 


Amino Acid Composition of Some Pseudokeratins 


= 
: 

| cent cent | cent cent | cent cent cent | 
Horse burrs | H,O-extracted 14.1 1.7 3.5 4.9 Trace 3:3 
Pepsin-digested 10.5 1.0 1.9 3.3 2:3 
 Pepsin-trypsin- | 2.61 4.4) 2:3 

digested 3 | 
Whale baleen H,O-extracted 13.9 1.4 3.9 5.5 5.7 | 3:3 
Pepsin-digested 12.6 1.0 2.4 4.2 6.8 | 2:3 
5 . Pepsin-trypsin- 14.4 1.4 3.3 5.9 10.3 | 2:3 
digested | 
Human skin Pepsin-digested 15.5 0.8 4.3 6.0 | | 
Pepsin-trypsin- (14.2 0.6) 4.7 5.9 3.4 1.8 3.8 | 3:3 
digested | | | | | | 
| | | | 

Whole brain ___ Lipid-free 14.0 2.4 4.8 5.2) 4.1 1.3 1.4 | 3:3 
H,0-soluble 13.0) 2.3) 4.3) 4.9, 3.91 1.2, 1.2 | 3:3 
Neurokeratin | Pepsin-digested 13.3 1.6 2.7 3.8 5.5/1.5 3.4 3:3 
_Pepsin-trypsin- 1.8 3.1 3.5 7.0/1.1 3.7 3:3 

digested | | 
Same 13.3] 1.4) 2.1, 2.4) | | 8.8 | 8:3 
Nucleoprotein Alkali-soluble 14.7. 2.2: 4.4. 5.1 4.4 1.4 
Polypeptide | NH,OH-precip- 14.8 2.0! 4.7) 7.2| 4.41 1.4] 1.0 | 2:3 


itable 


than after peptic and peptic plus tryptic digestion. This shift 
in composition is not unexpected, for we know that these callos- 
ities consist of dermal as well as epidermal tissues (10). How- 
ever, it should be noted that, in spite of the fact that a very 
considerable proportion of protein was digested away by the 
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treatment with trypsin, the molecular ratio of lysine to arginine 
of the residues remained the same. These experiments indicate 
that cornified epidermis is relatively resistant to enzymatic diges- 
tion but not completely so and, furthermore, that callus does not 
contain any detectable quantities of eukeratin. 


Basic Amino Acid Composition of Whale Baleen 


Certain whales manifest in their fetal age a transitory dental 
system which is abortive and after birth, in place of true teeth, 
acquire horny substitutes in the form of plates terminating or 
fringed by bristles. In Balena mysticetus there are about 200 
large marginal plates on each side from 10 to 14 feet in length 
and about 1 foot in breadth at their base. The plates are held 
together by a protein cementing substance. It appears that 
baleen is formed by the agglutination of enormously developed 
cornified papillae of ectodermal origin. Whale baleen (commonly 
called whalebone) has been considered to be a keratin. 

Analysis of Whale Baleen—The baleen was freed from the flaky 
cementing substances and extracted as deseribed above. The 
analytical results are given in Table I. 

Analysis of Residue after Digestion with Pepsin—-8.000 gm. of 
the ground and extracted baleen were digested with pepsin- 
hydrochloric acid. The insoluble residue was removed, washed, 
and dried. Yield, 4.79 gm. The analytical results are given 
in Table I. 

Analysts of Residue after Digestion with Pepsin and Trypsin— 
20.000 gm. of baleen were digested with pepsin-hydrochloric 
acid, followed by alkaline trypsin. The resulting insoluble 
residue was washed and dried. Yield, 8.01 gm. 

It will be seen from Table I that, like horse burrs, whale baleen 
is net a eukeratin, although it is insoluble and quite resistant to 
enzymatic digestion. Baleen is slowly digested by pepsin and 
trypsin. Treatment with pepsin alone left a residue with a 
slightly higher relative proportion of arginine. But although 


subsequent treatment with trypsin removed a_ considerable 


proportion of the baleen, the molecular ratio of lysine to arginine, 
in the residues, remained constant. These results indicate also 
that whale baleen contains little if any eukeratin, although its 
resistance towards enzymatic digestion is apparently associated 
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with a component rich in cystine. This finding that whale baleen 
is not a eukeratin was totally unexpected but a search in the liter- 
ature of comparative anatomy and histology only confirmed the 
chemical findings. 


Basic Amino Acid Composition of Neuroproteins 


In contrast to the eukeratins and pseudokeratins of the epi- 
dermis, the ectodermal proteins of the nervous system are not 
readily obtainable in a form uncontaminated with proteins de- 
rived from other germ layers of the embryo. This introduces 
the necessity of employing physical or chemical methods of 
purification of the neuroproteins. Previous investigations have 
indicated the disadvantages of physicochemical methods in the 
purification of labile tissue proteins, for it was shown that some, 
if not all, of the proteins obtained from serum by the usual 
salting-out processes were artificial products produced in part, 
at least, by the reagents employed in their preparation (11). 
So, after some experimentation, it was decided that fractional 
digestion with enzymes appeared to be the most promising 
method for the purification of the neuroproteins. 

The use of enzymic digestion to separate the neuroproteins 
from contaminating substances dates back to 1877 when Ewald 
and Kiihne (12) used the digestive juices for this purpose. These 
investigators obtained by this method an insoluble and indigest- 
ible residue from the nervous system which had so many prop- 
erties in common with horn (keras) that they called their new 
substance neurokeratin. Histological investigations revealed in 
the glia, in the myelin sheath of nerves, and in the rods and 
cones of the retina a substance which had many of the properties 
of neurokeratin. Kiihne (13), therefore, suggested that neuro- 
keratin acts as a horny endoskeleton for the nervous system. 
Later histological investigations on the myelin sheath have cast 
some doubt on the reality of the neurokeratin network of Kihne; 
for it has been found that this network varies greatly in aspect 
and is considered by some to be produced by the action of the 
reagents employed to show it (14). 

Analysis of Whole Brain Protein—The meninges were removed 
from fresh brains which were sliced, washed, ground, extracted 
with acetone, alcohol, benzene, and ether, and dried over CaCl, 
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and at 110° (9). The average analytical results of a number of 
preparations are given in Table I. 

Analysis of Water-Soluble Brain Proteins—F¥resh, washed and 
ground brains were cytolyzed with a large volume of ice water, 
and the precipitate was removed by centrifugation, followed by 
filtration through soft paper. The proteins were precipitated by 
adjusting to the isoelectric point with HPO;. The average analy- 
tical results are given in Table [. 

Analysis of Alkali-Soluble Brain Proteans—The gray matter 
from 11 pounds of beef brains was cytolyzed with water and the 
proteins of the filtrate were precipitated with HPO;. The pre- 
cipitate was dissolved in cold dilute NaOH (pH above 10.5) 
and filtered in the refrigerator. The filtrate was neutralized 
to pH 4.5 to 4.7 with acetic acid and the precipitate removed and 
washed several times. The protein was redissolved in alkali and 
reprecipitated with acid and dried. The analytical results are 
given in Table I. 

Analysis of Water-Soluble Brain Proteins (Residue after Peptic 
Digestion); Neurokeratin I—-The water-soluble proteins were 
prepared from 14 pounds of beef brains. 125 gm. of the resulting 
white powder were autoclaved with 2250 cc. of water for 2 hours 
at 15 pounds of pressure. The residue was removed and the 
autoclaving repeated twice. The filtrates were combined and 
worked up (cf. below). The residue was dried. Yield, 97 gm. 

80 gm. of this material were digested with pepsin-hydro- 
ehlorie acid. The residue was removed, washed with water, 
and redigested. The procedure was repeated a third time, after 
which the undigested material was removed, washed with water 
and organic solvents, and dried at 110°. Yield, 31 gm. (Cf. 
Table I for analytical results.) 

Analysis of an Ammonta-Precipitable Polypeptide from Brain— 
The combined aqueous filtrates from the above experiment were 
brought to pH 9.2 with ammonia and the precipitate removed. 
The white precipitate was dissolved in dilute HCI, filtered, and 
again precipitated by ammonia. Yield, 3.7 gm. Although this 
material has certain of the properties of a histone, analyses for 
the basic amino acids indicated amounts not decidedly in excess 
of those usually observed in neuroproteins. The figures are given 
in Table I. I am indebted to Dr. F. O. Schmitt for suggesting 
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the possibility of isolating such a substance from the hot water 
extract (gelatin fraction) of the brain proteins. 

Analysis of Brain Proteins (Residue after Digestion with Pepsin 
and Trypsin); Neurokeratin [J—35 pounds of whole brain protein 
(cf. above) were repeatedly digested with pepsin and trypsin 
and the residue washed with 0.5 per cent HCl and dried. Yield, 
8igm. C 55.13 per cent, H 7.26 per cent, N 13.32 per cent, S 1.62 
per cent, ash 1.46 per cent, H2O 3.62 per cent. 

It appears that whole brain protein consists of enzyme-resist- 
ant proteins (neurokeratins) and proteins (collagens!) which are 
much more easily hydrolyzed by enzymes. This chemical obser- 
vation is in accord with embryological and histological knowledge ; 
for the blood vessels and connective tissues (sheath of Schwann, 
etc.) would supply the readily digestible proteins, while the neuro- 
proteins of ectodermal original should, on teleological grounds, 
be expected to be more enzyme-resistant. Such an hypothesis 
also offers an explanation of the variation in composition and 
yields of ‘‘neurokeratin.’’ For it is known that the resistance 
which a protein fraction offers to enzymic attack depends on the 
structure of the protein and on its previous treatment. Thus a 
protein fraction (Neurokeratin I) which at one time was appar- 
ently water-soluble was digested to the extent of only 60 per cent 
by pepsin-hydrochlorie acid after it had been rendered lipid- 
free by hot organic solvents and dried at 110°. 

These: experiments confirm the earlier results which indicated 
that neurokeratin is not a true keratin (8). They also suggest 
an explanation for the finding of an insoluble and relatively indi- 
gestible protein fraction in the nervous system which varies in 
amount and microscopic appearance with the conditions employed 
in its preparation and isolation. Such findings are, in a way, 
analogous to those obtained during the investigation of other 
tissue proteins (cf. (11)). 

The relative inadvisability of attempting to purify the brain 
proteins by solution in aqueous solvents is indicated by the analy- 
ses of the alkali-soluble brain proteins. 

The preparation of a water-soluble protein fraction precipitated 


1 The analytical evidence presented in Table I, taken together with the 
amino acid composition of a hot water-soluble protein (gelatin) obtained 
from lipid-free brains, lends support to this suggestion. 
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by ammonia suggests its possible association with the Nissl 
granules. However, unless the brain proteins have been acidified, 
extraction with hot water alone does not yield such a protein 
fraction. It is therefore possible that this ammonia-precipitable 
material is either an early hydrolytic product of one of the brain 
proteins or that it is rendered soluble only after dissociation from 


another substance (e.g. nucleic acid). 


DISCUSSION 


The term keratinization or cornification has been applied rather 
generally by histologists to the changes in the cells of the stratified 
squamous epithelium as they are pushed further and further 
away from their sources of nourishment to become hard, flat, 
and anuclear (15). Keratinization is also applied to the forma- 
tion of hair, nails, horn, etc., although it has been suggested by 


some histologists that there are differences in the keratin sub- — 


stances of skin and hair. 

Chemical investigations seem to indicate that the hardening 
that squamous epithelium undergoes is not the same as the 
keratinizing processes involved in the formation of definite horny 
structures, all or most of which are probably the result of a stimu- 
lation of the stratum germinativum of the epidermis by a corium 
papilla (15). It appears from these investigations on the amino 
acid composition of ectodermal proteins that differentiation 
proceeding along one line results in the formation of a group 
of proteins which are insoluble, highly resistant to digestion 
by pepsin and trypsin, and which yield histidine, lysine, and 
arginine in molecular ratios of approximately 1:4:12 (cf. Table II). 
Proteins of ectodermal origin whose differentiation apparently is 
the result of a different kind of stimulation are relatively in- 
soluble and indigestible but do not yield histidine, lysine, and 
arginine in molecular ratios of approximately 1:4:12 (cf. Tables I 
and II). The first group has been designated true or eukeratins, 
the second group pseudokeratins. It also appears that eukeratins 
do not arise from pseudokeratins by any simple autolytic removal 
of the more easily digestible proteins but that the formation of 
eukeratins is the result of a true synthetic process. 

In this connection investigations on the amino acid composi- 
tion of human epidermis are of interest. Cornified epithelium, 


digested by pepsin (7) or pepsin-trypsin (6), yielded on acid hy- 
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drolysis histidine, lysine, and arginine in amounts indicating that 
this tissue is a pseudokeratin. However, Wilkerson (4) has reported 
the analysis of human stratum corneum obtained from a patient 
having a subacute inflammatory condition of the skin diagnosed 
as dermatitis exfoliativa. It appears that in this individual the 
desquamation of the corneum was so abundant that large amounts 
of epidermis were easily obtainable (more than 30 gm.). Anal- 


TABLE II 
Amino Acid Composition of Some Eukeratins 


Biblio- 


5 | © | 
Protein | | 3 | a histidine? arginine 

| > | 3 

per per per per 

‘cent cent cent cent cent | 
Human hair (16) | 0.5 2. 8.0 16. 5 
Finger nails (3) 14.90.5 (2.4 | 4 12. 0 
Sheep wool (17) 16.60.7 2. 7.8 10. 0 

Egg-shell mem- | 
brane 2.1 7.4 64 1 5 15 
Cattle horn | (3) 15.10.628/9.4; | 1 
Goose feathers «+15.50.4 1.0 4.8 6.4 1 
Snake epidermis 1.4/5.4 5.3 1 
Silk fibroin (18) 19.00.070.25 0.74 0.0 1 4 9 

Gorgonia flabel-— | 
lum | (1) 5.60.6 2.7/64/5.5 1 : 7 : B 

Plezaurella | | 

Quills, spiny | : | | 
echidna «5.20.5 1.8 6.6 10.5 4 12 
Quills, porcupine 2.2 7.3.7.8 1 4 
Human skin :15.10.6 3.110.1 2.3) 1 6 15 
Eukeratins Average 15.90.5 2.1 6.8 4 12 
Pseudokeratins ‘“ 13.61.3 3.1 4.5 3 3 


ysis of this material classified it as a eukeratin. Granting the 
accuracy of the analytical results, it appears that under patho- 
logical conditions the stratum germinativum can be induced to 
synthesize eukeratin in places where pseudokeratin is usually 
found. This observation offers a possible explanation of the 
finding that the appendages of the integument (hair, horns, horny 
scales, nails, claws, hoofs, feathers, etc.) apparently yield the 


§.. 
i 
; 
4 
| 
a 
i 
b> 
A 
| 
x 


770 Neuroproteins. IV 


same relative proportions of histidine, lysine, and arginine, even 
though the other amino acids (e.g. cystine) may vary consider- 
ably. 


SUMMARY 


‘vidence is presented which suggests that the proteins of ecto- 
dermal origin fall into two main groups, eukeratins and pseudo- 
keratins. The eukeratins are insoluble and resistant to digestion 
by pepsin and trypsin and yield histidine, lysine, and arginine in 
molecular ratios of approximately 1:4:12. The pseudokeratins 
appear to be somewhat more soluble and less resistant to enzymatic 
digestion and yield relatively more histidine and less arginine than 


the eukeratins. 
The origins of the eukeratins and pseudokeratins, based on 
chemical, histological, and embryological evidence, are discussed. 


Il am indebted to Dr. F. H. Ward of Ward’s Natural Science 
Kistablishment, Inc., Rochester, New York, for a portion of the 
material used in this investigation. 
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THE RELATIONSHIP BETWEEN CRYSTAL STRUCTURE 
AND CHEMICAL COMPOSITION OF ENAMEL 
AND DENTIN 


By J. W. GRUNER, DUNCAN McCONNELL, ano W. D. ARMSTRONG 


(From the Department of Geology and Mineralogy and the Laboratory of 
Physiological Chemistry, University of Minnesota, Minneapolis) 


(Received for publication, July 19, 1937) 


De Jong (7) presented the first direct evidence of the crystalline 
phosphate nature of the mineral phases of calcified tissues. He 
demonstrated, by x-ray methods, the similarity of the structure 
of bone to the apatite group of phosphate minerals. Taylor and 
Sheard (14) extended this investigation and showed that the x-ray 
diffraction lines of enamel and dentin closely matched those of 
fluorapatite. They also found the optical constants of enamel 
and dentin to be in close agreement with those of dahllite, a 
carbonate-apatite with the empirical formula CaCOQO,[Ca3(PO.4)el-. 
Roseberry, Hastings, and Morse (13) demonstrated, by x-ray 
methods, the absence in calcified tissues of such crystalline 
substances as CaCO; and CaHPO,. These investigators con- 
cluded that the mineral phases of enamel, dentin, and bone are 
carbonate-apatites. 

It has been shown that the chemical composition of enamel 
differs from that of dentin and that the compositions of various 
specimens of the same material are not exactly identical (1). 
There is a similar, and often greater, variation in composition 
among the minerals of the apatite group. The following minerals 
form an isomorphous series capable of solid solution in one another: 
(a) fluorapatite; (b) chlor- 
apatite; (c) hydroxyapatite; (d) CaCQOs- 
[(Ca3(PO,)2],, carbonate-apatite; (e) CaO[Ca3(PO,)2]., oxyapa- 
tite, where xz is 3 or very nearly 3 in all formulas except (d), in 
which case it lies between 2 and 3, and is sometimes closer to 2 
than to 3. The mineral francolite is an isomorphous mixture of 
(a) and (d), and dahllite is a solid solution of (c) and (d). Oxy- 
apatite (e) occurs in rather limited amounts under special con- 
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ditions. It may exist in solid solution with (c) and (d), according 
to Bredig, Franck, and Fiildner (3), and it has been described as 
voelckerite (12). Gruner and McConnell (6, 9) have recently 
investigated the minerals francolite and ellestadite in detail and 
have found some remarkable stereochemical and structural rela- 
tionships. From this work certain new conceptions have been 
derived with regard to the position of some of the ions in the apa- 
tite crystal lattice. These new principles pertaining to the crystal 
structure of apatite can be applied directly to enamel and dentin, 
whereby the apparent discrepancies between composition and 
structure of these substances can be satisfactorily explained. 


Structures of Carbonate-H ydroxyapatites 


Mehmel (10) and Naray-Szab6é (11) determined the crystal 
structure of fluorapatite in 1930. ‘This structure is shown asa 
projection upon the basal plane of the hexagonal space lattice in 
Fig. 1. For a detailed description of this structure the literature 
(6, 9-11) should be consulted. Essentially it is hexagonal and 
possesses two sets (or kinds) of 3-fold axes of symmetry, which are 
normal to the plane of projection. One set of axes is called 
“external axes,” but this is not a term of structural crystal- 
lography and is used here purely for convenience. On these axes 
are located the F ions which may be partly or entirely replaced by 
Cl ions or OH groups yielding the corresponding members of the 
apatite group. According to previous investigators, including 
Hendricks, Jefferson, and Mosley (8), these F positions can also 
be occupied by the much larger CO; groups. To preserve the 
symmetry of the structure such a group must be on a 3-fold axis. 

The second set of 3-fold axes is called “internal axes’’ for con- 
venience; it is the loci of two-fifths of the Ca ions in the struc- 
ture. As will be shown, our investigations indicate that some 
C ions are located on these axes, in which case 1 C ion substitutes 
statistically for enough Ca ions to maintain the electrostatic 
equilibrium of the structure. 

The P ions have a covalency of 4 in the structure, and each of 
these ions is surrounded by a regular tetrahedral arrangement of 
© ions, which together form the PO, groups. These groups, of 
which there are six in the unit cell, form the foundation of the 
structure. The unit cell is the smallest structural unit with all 
the properties of the substance and is, therefore, the structural 
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molecule. Each unit cell possesses the following types of ionic 
positions: 24 O, a few of which may be occupied by OH or F ions, 
if an excess of either should be present; all of the O ions are bonded 
to P ions; 2 F, which may be entirely, or in part, occupied by 
OH, Cl, or O ions; 6 P, a small number of these positions, probably 
not exceeding 10 per cent, may be occupied by C, V, or As; Si 
and S may also occupy these positions (9); 10 Ca, a small amount 
of Ca may be replaced by C, in which case all of the ten positions 


“ 


Fig. 1. Projection of the simple hexagonal unit cell of apatite on the 
basal plane (0001). The heights of the various ions above the plane of 
projection are indicated as fractions of co. The small diagram at the 
upper left shows the derivation of the simple hexagonal unit cell from 
the hexagonal prism. The 3-fold axes are indicated by triangles, but 
the other symmetry elements of the space group C,,” are not shown. 


are not necessarily filled, because C can replace more than one 
Ca, depending upon the number of charges required to produce 
electrostatic equilibrium. 


r-Ray Diffraction Data 


Powder diffraction photographs were made with unfiltered Cu 
and Fe radiation in precision cameras with an effective radius of 
57.3mm. The samples were introduced as rods of powder about 
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| ; 774 Structure of Enamel and Dentin 
TABLE I 
| Comparisons of Diffraction Patterns of Apatite, Dahllite, Enamel, and Dentin 
a Unfiltered Fe radiation; radius = 57.3 mm.; d, interplanar distance; J, 
intensity. 
Li Fluorapatite Dahllite | Enamel Dentin 
} 
1 | 002 3.432 | 2 | 3.487| 2 | 3.428] 1] 3.418] 2 
2 | 120,210 | 3.060 | 3 | 3.077} 3 | 3.082} 3| 3.066 | 3 | 
H 3 | 3008 2.975 | 4 | 2.990] 1 | 2.995) 1 | 
4 | 121, 211 | 2.798 |>10 | 2.811 |>10 | 2.809] 10] 2.791 |>10 
5 | 112 4 | 1 | 
6 | 300 2.702 | 6 | 2.712| 6 | 2.712} 10| 2.714 | 
7 | 202 2.616,| 3 | 2.628; 2 | 2.624) 1] 2.624] 1 
8 | 301 2.617 | | 2.524; 4% | 2.880] 3 | 
9 | 2.477 | 4 | 2.493] | 2.488] 3 
10 | 122, 212 | 2.289 | 3 | 2.294 | | 
11 | 130,310 | 2.248 | 2 | 2.256| 4 2.260 | 5| 2.259, 2 
| 3.108 | | 2 2135 
| 
; 14 | 113 2.057 | 1 | | 2.061 | 4 | 
| 15 | 1238 2.00 | 1 | 2.081; | 
16 | 203 | | 4 | 1.080) 4 
| 17 | 222 1.987 | 5 | 1.941| 4 | 1.941] 5] 1.9387; 4 
: 18 | 132,312 | 1.883 | 1 | 1.888; 1 | 1.892| 1 
7 19 | 128,213 | 1.888 | 6 | 1.840; 4 | 1.837] 5; 1.837) 4 
| 20 | 231,321 | 1.795 | 3 | 1.805; 2 | 1.807) 3 | 
: 21 | 140, 410 | 1.769 | 3 | 1.778} 2 | 1.778] 3 | 
24 | 232,322 | 1.637 | 1 | 1.645] 4 | 1.645| 1 | 
q 2 | 133,313 | 1.605 | 3 | | 1.608 a | 
4 | | ( | | 
27 | 240, 420 | 1.533 |) | | (1.589 | 1 | | 
28 | 331 | | | 
29 | 124,214 | 1.498) 1 | 
| 31 | 304 | | | 
32 | 233,323 | 1.445 | 1 || | } | 
3 33 | 151, 511 | 1.424 | oH | | 1.431 | 2 | | 
i i 0.6 mm. thick. Photographs taken with iron radiation are par- | 


ticularly suitable for measuring the exact sizes of the unit cells 
of various specimens. Table I contains the observed interplanar 
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distances (¢d) and the estimated intensities (J) of the lines pro- 
duced by fluorapatite, dahllite, enamel, and dentin. 

The Miller indices of the reflecting planes are given wherever 
possible. When the value of d is smaller than 1.4 A., more than 
one plane usually reflects for a measured value of d, and for this 
reason the indices are not given for reflections beyond this value. 
The differences in the estimated intensities of the diffraction lines 
of the four substances compared in Table I are not of great conse- 
quence. | 

The intensities depend chiefly upon the chemical composition 
of the crystal lattice but also to a considerable extent on the size 


TaBLe Il 

Dimensions of Unit Cells and Densities of Various Apatite-Like Substances 

| Theo- | Ob- 

| —  |Volume!} retical | served 
density} density 

A, A. cu. A. 

9.36*, 6.88 | 0.7350; 522 | 3.187) 3.18T 
9.41 | 6.88 | 0.7311) 528 2.93 
Enamel, Specimen 1............ . 9.41 | 6.87 | 0.7301) 527 | 3.055, 2.967 
Dentin, 3.............| 9.40 | 6.87 | 0.7309) 526 | 3.024) 2.824 


* All values for ag and co are +0.01 A. 

t Determined by Mr. A. S. Dadson who supplied the analyzed specimen 
of fluorapatite. See Contrib. Canad. Mineral., No. 35, Univ. Toronto 
Studies (1933). 


of the individual crystals. The deproteinized enamel gave sharp 
diffraction lines but those of deproteinized dentin were diffused 
and indistinct, indicating a much smaller grain size, with a prob- 
able upper limit of 0.1 ». For the same reason diffusion causes 
the weaker lines produced by enamel to be absent in the spectro- 
grams of dentin. Nevertheless, the lines, whose spacings can be 
measured, are easily correlated with those of enamel and dahllite. 

The dimensions of the unit cells as calculated from the data in 
Table I are shown in Table IT. 

The theoretical densities of the mineral phases of enamel and 
dentin were calculated from the dimensions of the unit cells and 
the molecular weights. The latter were calculated from the analy- 
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III 


Analyses of Enamel and Dentin and Distribution of : Tons in Their Structures 


| Per cent | Adjusted | | 
(+) | (=) 
| Weight x 10 ionic | charges 


‘Mol. wt. | ratios charges 


(1) 


Specimen 1. Deproteinized enamel 


per cent 
36.41 9.087 | 9.238 18.476 | 
0.24 | 0.099 0.101 | 0.202 

17.39 | 5.604 | 5.697 | 28.485 


3.07 | 0.698 0.710) 2.840. 
Ignition loss......... 5.4 | | 


Specimen 2. Unaltered enamel 
35.64 | 8.804 | 9.085 | 18.170 
| 0.44 | 0.181 | 

| 17.50 | 5.640 | 5.761 | 28.805 
COs................... 2.86 | 0.650! 0.664 | 2.656 


(15.365 | 15.695 


0.185 0.370 | 


| Mol. wt. 


(6) 


370.17 


2.46 


176.78 


8.52 


| | 50.001 50.000 


Specimen 3. Deproteinized dentin 
0.89 0.366 0.387 0.774— 

| 14.941 15.798 


| | | “50.001 | 50.000 


Specimen 4. Inaltered dentin 


0.80 0.329 0.446 | 0.892 | 10.85 
12.48 4.022, 5.446 | 27.230. 168.99 
| 15.772 | | 

| | 2.000 2.000 34.02 
| | 24.000 48.000 384.00 

“30 000 50.000 964.03 


| | 
| 
| 
| | 
; | 15.488 | 15.746 
OH | 2.000 2.000 | 34.02 
24.000 48.000 | 384.00 
| | 50.003 | 50.000 975.95 | 
364.04 | 
4.50 
j 178.76 
7.97 
2.000 2.000 34.02 | 
384.00 
; 973 .29 
356.14 
9.41 
166.77 
13.73 
+ 2.000 2.000 34.02 
O 24.000 8.000 384.00 
963.07 
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ses shown in Table III. The observed densities were obtained by 
centrifuging the deproteinized materials in Thoulet’s solution.' 

In order to prevent coagulation, the powders were shaken for an 
hour in Thoulet’s solution with an approximate density of 3 be- 
fore the density determinations were made. This procedure has 
been found very suecessful for clay minerals. The determined 
density of enamel is slightly higher than 2.95, the value usually 
given for the protein-containing material. Dentin apparently 
has a texture which produces results by all available methods 
which are considerably lower than the theoretical value. 


Chemical Composition 


Chemical analyses of enamel and dentin possess at least one 
serious inherent defect. It is not possible to distinguish between 
the substances constituting the ignition loss. Although one can 
be practically certain, in the case of the deproteinized materials, 
that all of the organic matter has been removed, there remains an 
uncertainty as to the state of the water in these substances. It 
may be present as water filling the interstices or in the form of 
OH groups actually forming part of the structure. Because the 
specimens of deproteinized enamel and dentin lost very little 
weight on being heated to 300°, the assumption is warranted that 
most of the water is present in combination in these materials, as 
OH groups. 

The analysis for monovalent alkalies has been commonly neg- 
lected. Those reported by Gassmann (5) 30 years ago cannot be 
used for our purposes because he did not separate the enamel and 
dentin. Fortunately, the small amounts of sodium and potas- 
sium present in enamel and dentin do not affect the structure 
materially. The sodium ion, being nearly the size of the calcium 
ion, can easily substitute for the latter. The potassium ion, how- 
ever, is somewhat larger than the calcium ion. As potassium is 
present in amounts which probably rarely exceed 0.1 per cent 
(2), all of it can enter the Ca positions. 

Column 1 of Table III contains a number of analyses which one 
of us has previously reported (1). 

Specimens 1 and 3 are the purified mineral phases of enamel and 
dentin, respectively. They were prepared from the separated 


! This is a concentrated water solution of potassium and mercuric iodides. 
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enamel and dentin obtained from four sound teeth. ‘The protein, 
and presumably all organic material, was removed from the speci- 
mens by the method of Crowell, Hodge, and Line (4). Specimens 
2 and 4 are analyses selected at random from those previously 
reported for protein-containing enamel and dentin. Column 2 
of Table III contains the results of the multiplication of the 
weight per cent by 10 and the division of this result by the atomic 


TABLE LV 


Number of Ions Relegated to the Ca and P Positions of Mineral Phases of 
Enamel and Dentin 


Specimen No. P positions Ca positions 
| 0.303 C 0.101 Mg 
0.407 © 
6.000 9.746 


5.761 P| 9.085 Ca 
0.239 C | (0.185 Mg 


2. Unaltered enamel......... 


0.425 C 
6.000 9.695 
3. Deproteinized dentin............ 8.888 Ca 
0.625 C 0.387 Mg 
0.519 C 
6.000 9.794 
5.446 P 8.821 Ca 
0.554 C 0.446 Mg 
0.505 C 
6.000 9.772 


weight (the molecular weight in the case of carbon dioxide). 
These values happen to be similar to the number of ions required 
for the unit cell. The assumption is made that each unit cell 
contains 24 O ions andtwo OH groups. The 50 negative charges 
of these ions must be balanced by a corresponding number of 
positive charges. It is possible to find a factor by which the num- 
bers in Column 2 may be multiplied to give the requisite number 
of positive ions, and these so called adjusted ionic ratios are given 
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in Column 3. Multiplication of the atomic ratios by their respec- 
tive atomic weights yields the results shown in Column 6, the sum 
of which equals the molecular weight of the unit cell. This weight 
was used to calculate the theoretical densities shown in Table IT. 

Enamel and dentin apparently contain sufficient OH groups to 
be classed as hydroxyapatites. The ignition loss of deprotein- 
ized enamel (Specimen 1) was 5.4 per cent, and the carbon dioxide 
content of this material was 3.07 per cent. Even if all carbon 
dioxide were lost on ignition, there remains to be accounted for an 
additional ignition loss of 2.33 per cent, which is unquestionably 
water. Because the material lost only a very little weight on 
prolonged heating at 300°, it seems probable that the water exists 
in combined form in this material; that is, as OH groups. Essen- 
tially similar results were obtained with the other materials whose 
analyses are shown in Table III. As the theoretical water con- 
tent of hydroxyapatite is 1.79 per cent, the amount of water in 
both enamel and dentin is entirely sufficient for this structure. 

A statistical distribution of the positive ions in each specimen, 
whose analysis is shown in Table III, is given in Table IV. These 
distributions are based on the principles described above and 
which may be restated as follows: (a) The P positions are the 
most important and must be completely filled. If the amount 
of phosphorus is insufficient, carbon will substitute, making up the 
deficiency, to produce a total of 6ions. (6b) Any remaining carbon 
will occupy positions on the internal 3-fold axes. (c) The number 
of calcium ions will depend upon the number necessary to produce 
electrostatic equilibrium, and, consequently, the sum of the ions, 
which occupy the Ca positions, is usually slightly less than 10. 


SUMMARY AND CONCLUSIONS 


As a result of the previous investigations by Gruner and MeCon- 
nell of the minerals francolite (6) (a carbonate-fluorapatite) and 
ellestadite (9) (a sulfate-silicate-apatite), 1t becomes possible to 
explain completely the phosphate structures of the mineral phases 
of enamel and dentin, notwithstanding their variations in Ca:CO, 
and P:CQO, ratios. It is shown that the formulas previously 
assigned to enamel and dentin are incorrect, because they are 
based on the assumption that all of the carbon dioxide is present 
in the structure as carbonate groups. In the older formulas the 
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carbonate groups were supposed to substitute for the F ions and 
OH groups in the apatite structure. 

For reasons discussed in detail elsewhere (6), the following con- 
clusions as to the crystal structure of apatites are justifiable. (a) 
The CO group is too large to fit into the F and OH positions. 
There is no x-ray evidence of the expansion of the crystal lattice 
which would be required by such a substitution. (6) If the CO; 
groups occupied these positions, a relatively large increase in 
density would result, but this has not been found to occur. (c) 
These positions are already occupied by OH ions in dahllite and 
F ions in francolite and are, therefore, barred to COs; groups. 

Furthermore, on the basis of the older assumptions it was im- 
possible to reconcile the chemical composition with the structure 
(1). The true structure is one of the most interesting solid solu- 
tions (or isomorphous mixtures) now recognized. In it carbon 
substitutes for phosphorus to the extent of 10 atomic per cent or 
less. Carbon also substitutes for calcium by occupying a position 
between 3 O ions to form a COs group, which is slightly larger 
than the CO group in simple carbonates. This type of substitu- 
tion is also limited and probably does not exceed that shown in the 
ease of deproteinized dentin (Specimen 3) in Table IV. 

The structural formula of enamel and dentin may be written 
as Ca(OH)o(Ca, C)s—9 [((P, It is well known that mag- 
nesium and sodium may replace calcium in this structure, but 
for the sake of simplicity these constituents have been omitted 
from the formula. The formula may also be written, (OH):- 
Cal(P, C)3_4. This formula indicates that all Ca 
ions are united to the PO, groups, and that only the Ca ions on 
the internal 3-fold axes can be replaced by carbon. It shows fur- 
ther that the OH groups are in contact with 6 Ca ions only, and 
are separated from the PO, groups. The essential difference in 
the structures of the mineral phases of enamel and dentin, which 
is reflected in their different compositions, is the fact that in the 
mineral matter of dentin more carbon substitutes for phosphorus 
and calcium than in the mineral matter of enamel. According 
to the mean results obtained by Armstrong and Brekhus (1) for 
enamel and dentin the exact formulas are 


Knamel, (OH).Cagl (Ps. 5) 
Dentin, (Ps (Caz iMgo.sCo.s) 
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HYPERTROPHY AND LIPID COMPOSITION OF FROG 
TISSUES 


By ELDON M. BOYD 


(From the Department of Pharmacology, Queen’s University, 
Kingston, Canada) 


(Received for publication, September 21, 1937) 


Bloor (1) has reviewed most of the recent evidence and referred 
to papers reviewing the earlier data for and against the hypoth- 
esis that an increase in physiological activity of a tissue is accom- 
panied by an increase in its phospholipid and a lesser increase 
in its free cholesterol content. Most of the evidence relating to 
this theory is circumstantial. The difficulty is to obtain a means 
of measuring total physiological activity of isolated groups 
of the same kind of animal cells. The practise has been to select 
some property of a tissue or organ, such as the production of a 
hormone or a secretion, the development of immunological prop- 
erties, or the contractile force, and refer lipid composition to vari- 
ations in the extent to which that organ or tissue is showing more 
or less of that property. Can such criteria be correctly taken as 
a measure of “physiological activity?” Or in other words, for 
the purpose of this hypothesis, how can physiological activity be 
defined? It is obvious that any complete definition would neces- 
sarily include a variety of properties of protoplasm, the list of 
such properties varying somewhat from tissue to tissue. Simul- 
taneous measurement of all these properties would involve tech- 
nical difficulties insurmountable in the average laboratory. 

It would thus appear that the ultimate solution to the problem 
rests upon collecting data relating lipid composition to this or 
that function of protoplasm and eventually synthesizing this 
information into a generalized picture. In the mean time, it 
would perhaps be preferable to refer lipid values to that particular 
property or those particular properties which have been specifi- 
cally studied rather than to use these as indices of general physi- 
ological activity. 
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Among the extensive data given by Bloor (1) are values relat- 
ing the lipid content of muscles of exercised rats and pigeons to 
increase in the weight of the muscle calculated in per cent of the 
body weight, or in other words to hypertrophy. Compared in 
this manner, the data did not permit the conclusion that hyper- 
trophy of muscle is accompanied by a statistically significant in- 
crease in the percentage dry weight of either phospholipid or total 
cholesterol. The consistent increase in the mean values of prac- 
tically all muscle groups, even though the individual mean values 
were not shown to be statistically significant, suggested to Bloor 
(1) that there was probably some real correlation. It is possible 
that comparing lipid content with some other property of muscle 
would have revealed a significant correlation. Meanwhile, it 
appears from the data of Bloor (1) and of Ludewig and Chanutin 
(6) that hypertrophy per se of the skeletal muscles, the dia- 
phragm, the heart, and the kidneys 1s not accompanied by any 
significant change in the phospholipid and free cholesterol content. 

In the present work a similar conclusion was drawn from experi- 
ments in which hypertrophy and lipid composition were compared 
in the heart and oviducts of the frog, Rana pipiens. In labora- 
tory class work, the size of the hearts of these animals had been 
noted to show considerable variation. Measurements made on 
thirty-two animals used in this investigation revealed that the 
heart varied from 0.29 to 0.65 per cent of the weight of the whole 
frog. The coefficient of variation ((standard deviation & 100)/ 
mean) of the referred weights of the hearts was 22 per cent as 
against 14 per cent in rats (1). Hence it was decided to compare 
lipid content with hypertrophy of the frog heart measured in this 
manner. 

There also occurs an enormous increase In the size of the ovi- 


ducts during ova production by the ovaries in this species. Meas- 


urements made showed that the combined weight of the two 
oviducts per frog averaged 0.024 + 0.008 gm. (mean + standard 
deviation) in sixteen females without obvious ova (small, whitish, 
translucent ovaries) as against 1.04 + 0.41 gm. in fourteen females 
with ovaries full of ova (large, black ovaries filling most of the 
thoracicoabdominal cavity), an average increase in weight of 
almost 4000 per cent. Hence the lipid content of oviducts was 
also determined and referred to hypertrophy. 

There was insufficient material to include an estimation of the 
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water content of these structures. The organs were removed 
from pithed frogs, weighed, cut into small pieces, ground with 
cleaned sand, and extracted with alecohol-ether. The extracts 
were analyzed by a modification of Bloor’s oxidative microtech- 
nique (2) for their phospholipid and free cholesterol content only, 
since there was insufficient material for a complete lipid analysis. 
In fact there was not sufficient material in the extracts of hearts 
to satisfy the minimal requirements previously found (3) but 
there was approximately the same amount in each extract and 
under these conditions the results were found to have a relative 
though not absolute value. 

No significant variation was noted in the phospholipid and free 
cholesterol content of the heart with increase in its weight rela- 
tive to that of the whole frog. A summary of the results is given 


TaBLe 
Lipid Content of Frog Heart 


| Weight of heart, per cent | Phospholipid, m 2 e Free cholesterol, mg. 
No. of of body weight | cent, wet weig i. | per cent, wet weight 
| | Stand- | | Stand- 
Range Mean ard de- Range Mean | ard de- | Range Mean | ard de- 
| viation viation 
12 0.20-0.37 0. 0.34 0.03 300- 980 613 205 | 71-227) 138 | 44 
) 0.39-0.45 0.41 | 0.02 | 347- 36-902 518 182 44-189) 135 45 
1] 0.46-0.65 0.52 | 0.07 | 286- 902 555 | 179 37-185) 117 48 


in Table I. The average weight of the heart was found to be 
0.42 + 0.09 per cent of the whole frog. The average phospho- 
lipid content of the thirty-two hearts was 567 + 196 mg. per 
cent, wet weight, and the average free cholesterol content was 
130 + 43 mg. per cent, wet weight. While it is obvious from 
Table I that there was no relation between lipid content and 
hypertrophy thus measured, correlation coefficients were also 
calculated to prove this further. The coefficient of correlation 
and its probable error of the two variables, weight in per cent 
of body weight and phospholipid, was calculated to be —0.207 + 
0.113, a figure indicating no correlation whatsoever. The cor- 
responding correlation coefficient of the variables, weight and 
free cholesterol, was —0.272 + 0.109, likewise equivalent to no 
significant correlation. 
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The phospholipid content of the hypertrophied oviducts was 
found to average 396 + 62 mg. per cent, wet weight, and the free 
cholesterol content 130 + 33 mg. per cent, wet weight. There 
was insufficient lipid present in single pairs of oviducts from one 
frog without ova in the ovaries to allow an analysis. Hence ex- 
tracts of the non-hypertrophied oviducts of sixteen of these 
frogs were combined and the analysis revealed 583 mg. per cent, 
wet weight, of phospholipid and 246 mg. per cent, wet weight, of 
free cholesterol. While the lipid values were higher in the non- 
hypertrophied oviducts, the differences did not appear sufficiently 
great in the absence of statistical data to show a significant dif- 


ference. 

The experiments demonstrated that hypertrophy of the heart 
and oviducts of frogs is not accompanied by significant changes 
in their phospholipid and free cholesterol content. Ludewig and 
Chanutin (6) have shown a similar lack of relationship in the 
kidneys and heart of rats. Bloor (1) found no significant cor- 
relation between hypertrophy and lipid content of cardiac and 
skeletal muscle of rats and pigeons. Boyd and Stephens (5) 
reported no relation between lipid content and increase in the num- 
ber per se of leucocytes in the blood of man. Boyd (4) found no 
change from normal in the lipids of the red blood cells during 
their increase in number in polycythemia vera. From this 
evidence it would seem that hypertrophy as a single property may 
be deducted from general physiological activity as being a factor 
which does not affect the lipid composition. 


SUMMARY 


No significant relation was found between hypertrophy of the 
heart and oviducts of frogs and their content of phospholipid and 
free cholesterol measured oxidatively. 
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THE POSITION OF THE UNSATURATED LINKAGE IN THE 
HEXADECENOIC ACIDS OF CERTAIN NATURAL FATS 


By JOHN M. SPADOLA anp R. W. RIEMENSCHNEIDER 


(From the Animal Nutrition Division, Bureau of Animal Industry, United 
States Department of Agriculture, Washington) 


(Received for publication, September 27, 1937) 


The presence of a hexadecenoic acid has been demonstrated 
directly or indirectly in the following natural fats and oils: fish 
(1) and whale (2) oils; the depot fat of the frog, turtle, and lizard 
(3), the white rat (4), and the hen (5); fat of cow (6), goat (7), 
and human milk (8); lyecopodium oil (9); pig liver fat (10); and 
egg yolk glycerides.!. However, only those acids from fish, whale, 
and lycopodium olis, the depot fat of the hen, and the fat of 
cow’s milk have been studied to ascertain the position of the un- 
saturated linkage. Oxidation or ozonolysis methods have shown 
that the same 9,10-hexadecenoic acid is present in each of these 
fats. 

During the course of investigations on the nature of the fat 
acid components of goat milk, egg yolk glycerides, and the depot 
fat of the white rat, samples of relatively pure hexadecenoic acid 
were prepared from each of these fats. Although there was no 
reason to believe that these acids were different structurally from 
the acids already reported, it was decided that experimental 
confirmation would be justified. Consequently, the position of 
the unsaturated linkage in these acids was determined by a study 
of the decomposition products of their ozonides. 1 


EXPERIMENTAL 


Preparation of Methyl Hezxadecenoates—The preparation of 
methyl hexadecenoate from goat milk fat has already been 


‘A hexadecenoic acid was obtained by the junior author incidental to a 
study of the fat acid components of egg yolk lipids being conducted in the 
laboratories of the Animal Nutrition Division. The results of this study 
are as yet unpublished. 
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described (7). The method of preparation of the ester from the 
depot fat of the white rat has also been described (4), but the 
source of the acid used in this work was the depot fat of eighteen 
rats fed a stock diet. The third acid was prepared in the same 
general manner from the carefully purified glycerides of egg yolk. 
Certain data concerning the methyl hexadecenoates thus ob- 
tained are given in Table I. 

Ozonolysis—A solution of approximately 5 gm. of methyl 
hexadecenoate in 50 ec. of chloroform was ozonized? at 0°. After 
the solvent had been removed by distillation 7m vacuo, the ozonide 
was decomposed by refluxing with 4 gm. of 30 per cent hydrogen 
peroxide and 5 ec. of acetic acid for 20 hours. 

Then 25 ec. of a 35 per cent KOH solution were added and re- 
fluxing was continued for another hour to convert any esters to 


TABLE I 
Constants of Methyl Hexadecenoates 


Source | Mol. wt.* | I No.* | n20 


* Theory for methyl hexadecenoate, mol. wt. 268.3; I No. 94.6. 


acids. The alkaline solution was steam-distilled to remove any 
unsaponifiable material and then made acid to Congo red. The 
mixture was again steam-distilled to separate the monobasic 
from the dibasic acid. 

The dibasic acid was recovered from the residual solution by 
cooling and filtering. One recrystallization from water gave a 
pure product. 

The monobasic acid was recovered from the aqueous distillate 
by saturating the latter with sodium chloride and extracting with 
ether. The ether was distilled from the dried solution, and the 
remaining liquid was fractionally distilled at 10 mm. pressure. 
The bulk of the distillate came over at 109-113°. <A portion of 
the distillate was converted into the p-phenylphenacyl ester (11). 


2 Grateful acknowledgment is made to Dr. N. L. Drake of the University 
of Maryland for the use of the apparatus for the ozonolysis. 
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A mixed melting point determination made in each case with 
an authentic sample of p-phenylphenacyl heptanoate gave no 
depression. 

In addition to the fraction with a boiling point of 109-113° 
a higher boiling fraction which varied in amount from 0.3 to 0.5 
gm. was also obtained in each case. The molecular weights of 
these fractions varied from 150 to 159. The p-phenylphenacy! 
ester of the fraction from the egg yolk acid did not show a depres- 
sion in melting point when mixed with the corresponding ester 
of pelargonic acid obtained from the ozonolysis of oleic acid. 

Hence, from the data in Table II it may be concluded that the 
principal products obtained from the ozonides examined are 


TaBLe II 
Data on Acids from Decomposition of Ozonides 
Dibasic acid | Monobasic acid 
ester 
| gm. | gm, 
189.2 105.5-106 1.26 128.4 59.5-60 1.11 
1.90) 128.8  61.0-61.2 | 1.32 
Egg yolk....... 190.0 105.5-106 1.88 130.2 60.5-61.0 


* Theory for azelaic acid, mol. wt. 188.1; m. p. 106.5°. 
t Theory for heptanoic acid, mol. wt. 130.1; m.p. of p-phenylphenacy!] 
ester 61.1-61.8°. 


azelaic and n-heptanoic acid. The acid from which these were 
formed must therefore be 9,10-hexadecenoic acid. In all prob- 
ability, some oleic acid was also present which gave rise to pelar- 
gonic acid for which some evidence was found. 


SUMMARY 
The hexadecenoic acid present in goat milk fat, egg yolk glyc- 
erides, and the depot fat of the white rat is chiefly the 9,10- 
hexadecenoic acid. 
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THE WOUND HORMONES OF PLANTS 
I. TRAUMATIN, THE ACTIVE PRINCIPLE OF THE BEAN TEST 


By JAMES ENGLISH, Jr., anp JAMES BONNER 


(From the Gates and Crellin Laboratories of Chemistry and the William G. 
Kerckhoff Laboratories of the Biological Sciences, 
California Institute of Technology, Pasadena) 


(Received for publication, June 22, 1937) 


It has been shown by Wiesner (1) and Haberlandt (2) that 
when plant cells are injured substances are formed or liberated 
which are capable of causing other uninjured cells to divide. 
Such substances have been called ‘wound hormones” and the 
wound hormone problem has been the subject of numerous inves- 
tigations (3-5). 

It is evident that this subject is of some importance from both 
theoretical and practical points of view. In the wound hormone 
we have a substance capable of bringing about renewed growth 
activity in mature cells—a type of growth analogous to that found 
in tumors and other abnormal growths. ‘The role of the hormone 
in wound healing, parthenogenesis, callus formation, and other 
phenomena has been discussed by Haberlandt (2) and it has also 
been shown that the hormone is of great importance in the culture 
of plant tissues zn vitro (6). 

An attempt has been made in the present investigation to 
work out a specific test for wound hormone activity, and to use 
this test in the purification of the active principle of plant tissue 
extracts. In this way we have isolated a substance, possessing 
high wound hormone activity, for which we propose the name 
“traumatin.’”? This name seems particularly appropriate in view 
of the historical background of the subject. 

The test for traumatin activity was developed from the “bean 
test’’ of Wehnelt (3). This investigator as well as others used the 
actual frequency of cell division as a measure of wound hormone 
activity in this test. In the present investigation we have used 
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the total amount of new growth, since this, in contrast with mitotie 
frequency, may be readily and accurately measured. 

A detailed description of the “bean test’? may be found else- 
where (7). Briefly, it may be said that the intact parenchyma- 
tous cells lining the string-bean pod respond to the application of 
traumatin solution with renewed cell division and cell elongation. 
If a drop of traumatin solution is placed within the seed chamber, 
an intumescence arises under the point of application. The 
height of this intumescence (under standard conditions (7)) has 
been used as one measure of activity. As a second measure of 
activity has been used the lowest concentration of traumatin which 
causes a typical wound hormone response. ‘The reasons for the 
discrepancy between the comparative results obtained by these 
two independent measures of activity are not yet clear. 

Traumatin, the active principle of the bean test, is widely 
distributed in plant tissues (7) but has not as yet been found in 
any animal material. The richest source of those so far investi- 
gated has been the bean pods themselves. 

Traumatin is heat-stable and fresh beans may be dried in 
air (up to 100°) prior to extraction, without detectable loss of the 
active principle. It has been shown (8) that there is nothing to 
be gained by grinding the pods (thus ‘“‘wounding”’ the cells 
severely) before drying. 

In the procedure described we have used absolute alcohol ex- 
traction as the first step, since this avoids the introduction into 
the extract of large amounts of water-soluble impurities present 
in the pods. 


Procedure 


I. Extraction of Bean Pods—20 pounds of Kentucky Wonder 
bean pods were dried in an oven at 60~-70°; ground, and placed 
in a modified Soxhlet extractor (8). The dried powder, which 
weighed 1050 gm., was extracted continuously with 3500 cc. of 
absolute ethanol for 20 hours, at the end of which time the extract 
returning to the boiling flask was pale yellow in color. The alco- 
hol was evaporated under diminished pressure in an atmosphere 
of nitrogen at 50° and the residual dark brown syrup extracted 
with three 100 cc. portions of warm water. The water extracts 
were combined and freed from oily material by filtering and 
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centrifuging. Yield, 92 gm.; relative activity 1.0 (based on height 
of new growth); dilution activity 1:400; diffusion molecular 
weight 440. 

II. Adsorption on Charcoal—'Yo the above solution at room 
temperature were added 100 gm. of decolorizing charcoal (norit) 
and the mixture was stirred mechanically in an inert atmosphere 
for 1 hour. The charcoal was then filtered off and treated with 
five successive 150 cc. portions of pyridine. Each portion was 
allowed to stand with the charcoal with occasional shaking for | 
hour. The pyridine eluates were combined and evaporated at 
50-60° in nitrogen. (a) Filtrate, 40 gm., relative activity 0.0; 
(b) eluate, 52 gm., relative activity 1.5; dilution activity 1: 1600; 
diffusion molecular weight 442. 

III. Ether Precipitation—Fraction II, b was dissolved in 200 
ee. of dry pyridine and to the resulting solution were added 200 cc. 
of ether. The oily precipitate was centrifuged and the filtrate 
evaporated as before at 50° as far as possible. (a) Precipitate, 
22 gm., relative activity 0.0; (6) filtrate, 30 gm., relative activity 
1.4; dilution activity 1:4500; diffusion molecular weight 442. 

IV. Ethyl Acetate Extraction—The filtrate from the previous 
step was repeatedly extracted at room temperature with technical 
ethyl acetate in 150 ce. portions until the extracts became notice- 
ably lighter in color; this required about 1000 ec. of solvent. The 
extracts were combined and evaporated as before at 50°. (a) In- 
soluble, 17 gm., relative activity 0.3; (b) soluble, 12 gm., relative 
- activity 2.0; dilution activity 1:12,800;- diffusion molecular 

weight 229. 

V. Conversion to Barium Salts—Fraction IV, b was dissolved 
in the smallest possible amount of cold water and treated with a 
saturated solution of barium hydroxide until distinctly alkaline. 
Carbon dioxide was then passed into the solution to remove excess 
barium hydroxide and the precipitate centrifuged and washed 
with water. The solution was then evaporated to dryness in 
vacuo and the residue extracted with several portions of absolute 
ethanol. The alcohol-insoluble barium salts were then dissolved 
in water and the barium removed from the solution with sulfuric 
acid. The free acid obtained upon evaporation of the filtered 
solution was a dark brown, amorphous, hygroscopic material. 
(a) Alcohol extract, 3.9 gm., relative activity 1.6; (b) fraction 
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(a) freed of Ba by HeSO,, 1.6; (c) free acid, 6.4 gm., relative ac- 
tivity 6.3; dilution activity 1:36,000; diffusion molecular 
weight 232. 

VI. Mercuric Acetate Precitation—-A concentrated water solu- 
tion of the active fraction from the previous step was treated with 
an excess of 20 per cent mercuric acetate solution and the result- 
ing brown precipitate centrifuged off. The filtrate was saturated 
with hydrogen sulfide, filtered, and evaporated. The precipitate 
was suspended in water and allowed to stand under pressure of 
hydrogen sulfide overnight; this was repeated until no more color 
appeared in the filtered solution. After evaporation there re- 
mained an acidic product similar in appearance to Fraction V, c 
but somewhat lighter in color. (a) Filtrate, 3.0 gm., relative 
activity 2.8; (b) precipitate, 1.62 gm., relative activity 10.8; 
dilution activity 1:100,000; diffusion molecular weight 232. 

VII. Acetone Extraction—The highly active fraction from Frac- 
tion VI, b was dissolved in dry acetone and the insoluble portion 
centrifuged. The acetone was then removed in vacuo. (a) 
Acetone-insoluble, 0.216 gm., relative activity 10.8; (6) acetone- 
soluble, 1.406 gm., relative activity 13.8; dilution activity 1: 100,000; 
diffusion molecular weight 237. 

Properties of the Free Acid—Since this has so far resisted all 
attempts to crystallize it or increase its activity by further precipi- 
tations, some of its properties are reported at this point. 

The product is a yellow-brown, hygroscopic, amorphous solid, 
readily soluble in water, ethanol, acetone, and pyridine, insoluble 
or only slightly soluble in organic solvents such as benzene, ether, 
chloroform, or dry ethyl acetate. The active principle is fairly 
stable to the action of acids and alkalis, 5 N sodium hydroxide or 
3 N hydrochloric acid having little effect on the activity at 100°, 
though 6 N hydrochloric acid under the same conditions decreases 
the activity very markedly. <A hot solution of hydrogen peroxide 
(3 per cent) largely inactivates the substance, but the activity 
is quite unaffected by dilute nitrous acid, even on the steam 
bath. Phosphotungstic acid gives an amorphous precipitate and 
a small amount of an oily picrate can be obtained from aqueous 
solution. The substance is acidic in character, giving an equiva- 
lent weight of 214 by titration. The barium salt prepared from 
cold barium hydroxide solution or barium carbonate contains 
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23.6 per cent barium, corresponding to an equivalent weight of 
223. However, by heating the free acid with either acid or alkali, 
especially the latter, the barium content of the salt (prepared 
as above) is increasd to a value which seems to vary with the time 
of heating. The following analysis was obtained for Fraction 
VI, 6." 


C 51.58, 51.34, 51.84, H 6.47, 6.38, 6.49, N 6.46, 6.35 


The nitrogen content indicates an equivalent weight of 216, and 
diffusion molecular weights varied from 225 to 237. 

VIII. Preparation of the Methyl Ester—In view of the difficulty 
of purifying the acid further it was decided to proceed through the 
ester. The usual method of esterification with alcohol and acid 
gave very poor yields and the following procedure was adopted. 

A 5 per cent solution of the free acid in absolute ethanol was 
treated with a dry ether solution of diazomethane containing 5 
times the theoretical amount (assuming one free carboxyl group 
in the molecule). The resulting solution, which was about 50 
per cent ether and contained a small amount of fine precipitate, 
was allowed to stand, with occasional shaking, at 0° for 1 hour 
and then at room temperature for another hour; at the end of this 
time the evolution of gas had ceased. The solvent was removed 
as usual and the residue treated with cold water and extracted 
with chloroform. After removal of the chloroform under dimin- 
ished pressure the product was extracted with ether, with the 
addition of a small amount of water after the first few extractions, 
until no more color appeared in the ether layer. The dark yellow 
oil obtained by evaporating off the ether was transferred to a 
microdistilling bulb similar to that used by Koégl and Tonnis 
(9) and distilled under a high vacuum. 

At 130-145° and a pressure which varied in different runs from 
0.2 to 0.007 mm. a considerable quantity of light yellow oil ap- 
peared in the receiver; the main fraction distilled between 165- 
185° at 0.007 mm. without apparent decomposition. The puri- 
fied ester thus obtained was a very viscous yellow oil which 
became somewhat lighter in color on repeated distillation, but 
has not yet been obtained colorless or in the crystalline state. 


1 All combustions, Dumas nitrogen, and methoxyl determinations were 
carried out by Dr. Carl Tiedcke. 
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Yield, per 
cent of 
starting Relative 
Fraction material activity 
(a) Water-soluble |. 25 13.1 
2.3 


Fractions (b), (c-1), and (e-2) being insoluble in water were 
hydrolyzed as described below for testing. 

The loss of material on redistillation of fraction (c-2) varied 
from 10 to 30 per cent, depending apparently on the amount of 
superheating. ‘Temperatures were measured in the heating bath. 
In no case were more than 150 mg. distilled at one time and 
usually much less than this; hence there has not yet been enough 
material at hand for a satisfactory fractionation in the usual 
manner. Inasmuch as the same analytical results have been ob- 
tained from the products of three different extractions, 1t is per- 
haps not unreasonable to suppose that the ester distillate is at 
least approaching a state of purity and accordingly the analytical 
results are here reported. The ester was distilled at least twice 
and dried in vacuo at 76° for analysis. 

Calculated for 


Found Average 
58.04, 58.39, 58.20 58.21 58.16 
H, 7.16, 7.05, 7.11 7.20 7.49 
N (Dumas), 5.94, 6.03, 6.03, 6.20, 6.16 6.05 6.17 
CH;0O, 13.59, 13.42 13.50 13.65 


A determination, according to the method of Barger, in alcohol 
gave 224 for the molecular weight, the nitrogen content cor- 
responds to 229, and the methoxyl to 230. From this it may be 
seen that the diffusion molecular weights carried out on the free 
acid are somewhat high, but this is not surprising, considering 
the experimental errors of this method. 

Properties of the Ester Distillate—This product is a very viscous 
yellow oil that does not crystallize on cooling, and is insoluble or 
only slightly soluble in water and petroleum ether, and soluble 
in aleohol, chloroform, ether, benzene, and acetone. It de- 
colorizes permanganate in the cold and preliminary catalytic 
hydrogenation experiments seem to indicate the presence of two 
double bonds; this, however, requires confirmation. The sub- 
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stance is not strongly basic and has so far yielded no crystalline 
derivative. 

Hydrolysis of the Ester Distillate—The product described above 
was dissolved in a small amount of ethanol and an equal volume 
of saturated barium hydroxide solution was added. The solu- 
tion was then heated under a reflux for 3 to 5 hours and the excess 
barium precipitated with carbon dioxide. Upon again evaporating 
the filtered solution to dryness at 50° in the usual manner, there 
remained an alcohol-insoluble barium salt. This was a yellow 
amorphous solid, soluble in water and insoluble in organic solvents. 
Sometimes it was necessary to repeat the hydrolysis in order to 
obtain a completely water-soluble product. 


CyH,;,0O,N Ba. Calculated. Ba 41.0 
Found. 40.5, 40.8 


This barium salt was taken up in the minimum amount of water 
and the barium quantitatively removed from the solution with 
sulfuric acid. Upon evaporation there remained an amorphous 
hygroscopic solid, very similar in appearance and precipitation 
reactions to the free acid of Fraction VII, b. The average yield of 
material thus hydrolyzed was 60 per cent of theory. The activ- 
ity has been found to be very nearly the same as that of Frae- 
tion VII, b. 


DISCUSSION 


It is evident from the analytical data in the preceding part that 
the substance under consideration in this case is markedly differ- 
ent from that isolated by Umrath and Soltys (10). These authors 
described their substance as giving an equivalent weight of 193 
by titration and containing 2.5 per cent nitrogen; they also pre- 
pared an acetyl derivative which gave 45.4 per cent acetyl. An 
attempt to acetylate the ester distillate with acetic anhydride in 
pyridine gave a compound containing 6.15 per cent nitrogen, 
indicating that no acetyl groups had been introduced under the 
conditions used by Soltys and Umrath (11). 

The diffusion molecular weights were determined by carrying 
out diffusion experiments according to the method first developed 
by Went (12) and testing the agar blocks directly in the bean test. 
The curves of concentration against height of growth of traumatin 
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in agar are identical with those obtained by testing drops of 
solutions. This method of determination of molecular weight is 
theoretically independent of the purity of the sample, depending 
as it does only on the physiological test for the result. The 
apparent change in this value observed at step (IV) is therefore 
rather difficult to understand, particularly since the same change 
took place at step (II) in another extraction. The correct explana- 
tion of this phenomenon cannot as yet be given. 

With regard to the possibility of the presence of several growth 
factors which might influence the test, it should be noted that at 
each step combination tests have been carried out with the active 
and inactive fractions, without, however, finding any evidence 
that a second essential substance, itself inactive or only slightly 
active, had been separated from the concentrate at any step. It 
can be seen from the preceding section that no significant amount 
of active material has been discarded, with the possible exception 
of Fraction VIII, a, and upon treating this with a second portion 
of diazomethane its activity was greatly reduced with the pro- 
duction of more of fractions (6) and (ec). 

With regard to the type of nitrogen linkage present in the 
molecule, it can only be said with reasonable assurance that it is 
not a primary amino group, since aqueous nitrous acid, even 
when heated, is without effect on the activity. 

Although it is quite possible that the ester distillate is not 
perfectly pure, we feel safe in deducing from the nitrogen and 
methoxyl content that it is a monomethy! ester. 

The hydrolyzed ester gave the same diffusion molecular weight 
as did the free acid starting material and hence has not undergone 
any drastic cleavage during hydrolysis. The barium salt of this 
product, however, contained 40.7 per cent barium, corresponding 
to an equivalent weight of 102. In other words, the substance, 
originally monobasic (from the methoxyl content) now appears 
to be a dibasic acid, and it is reasonable to assume that in the 
original acid there existed one free carboxyl group and one in the 
form of a lactone, inner amide, or betaine type of structure. It 
is also worchy of note that the barium content of this salt corre- 
sponds more closely to the loss of two CHe groups from the ester 


molecule than to the lower value which would result from the’ 


simultaneous hydrolysis of a lactone and a methyl ester grouping. 
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It should perhaps be emphasized that the present suggestions 
are to be regarded as tentative and subject to revision; and that 
the empirical formula CyoHyOsN may be somewhat in error. 
Preparations are being made to work up a large quantity of 
material and establish beyond reasonable doubt the purity of the 
final product. 


The authors wish to express their gratitude to Professor F. W. 
Went for the encouragement and advice tendered by him during 
this research. 


SUMMARY 


A quantitative biological test has been used in a study of a 
wound hormone of plants. 

By this test, a substance which is believed to be the nearly pure 
hormone has been isolated from bean pods. 

This hormone was found to be an amorphous, water-soluble, 
acidic compound, active in the test to a dilution of 1:100,000. 
Preliminary analyses indicate an empirical formula CyH,;O.N 
for the monomethyl ester. 

The authors have suggested the name “traumatin”’ for this 
wound hormone. 
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DIOXANE AS A REAGENT FOR QUALITATIVE AND 
QUANTITATIVE DETERMINATION OF 
SMALL AMOUNTS OF IODIDE 


ITS APPLICATION TO THE DETECTION OF IODIDE IN 
IODIZED SALT 


A CORRECTION 


By ABRAHAM SAIFER AND JAMES HUGHES 


(From the Chemistry Division of the Department of Pathology, Queens General 
Hospital, Jamaica, New York) 


(Received for publication, October 14, 1937) 


Our attention has been called to an unfortunate statement 
which appeared in an article published in this Journal (1) which 
stated that ‘“‘no reference could be found to its reaction [dioxane}| 
with iodides.”” Many references to this reaction have appeared in 
the literature, including some recent work by Milas (2) who 
points out that organic peroxides liberate iodine instantly from a 
neutral solution of KI which is relatively stable to molecular 
oxygen and to another paper by Eigenberger (3) who describes a 
method for the purification of dioxane by the removal of the 
organic peroxides which liberate free iodine from potassium iodide. 

The authors have found that impure dioxane will not only 
liberate free iodine from neutral solutions of potassium iodide but 
even from buffered solutions in the alkaline range (pH 8.4). 
Evidence also exists that iodine forms an oxonium complex with 
dioxane (Anschutz and Broeker (4)). 

In justification of their paper, the authors wish to point out 
that they were primarily interested in a simple colorimetric method 
for the determination of small amounts of iodides. That the 
method is feasible for quantities of iodide ion from 0.1 to 5.0 mg. 
has been proved by additional experiments with a photoelectric 
colorimeter which proves conclusively that the color produced 
follows the Lambert-Beer law. 
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bile acids, effect (THANN- 
HAUSER, REICHEL, GRATTAN, 
and Mappock) 721 

Bone, blood organic phos- 
phorus hydrolyzed by, na- 
ture (KeRR and ANTAKI) 

531 

Kidney, blood organic phos- 
phorus hydrolyzed by, na- 
ture (KERR and ANTAKI) 


531 

Phospholipids: Intestinal mu- 
cosa, turnover (SincLArR and 
SMITH) 361 


_ Phosphoric acid: Glucose-1-, iso- 


| 


lation and synthesis (Cor!, 
CoLtowick, and Corr) 465 
Phosphorus: Organic, blood hy- 
drolyzed by phosphatases 
(Kerr and ANTAKI) 531 
Picoline: a-, dissociation con- 
stant, basic (BARRON) 313 
Pituitary extract: Anterior, 
growth preparation, protein 


metabolism, effect (GAER- 
LER and PRIce) 497 
Placenta: Arginine (GraFF and 
GRAFF) 79 
Plant: Hormones, wound (ENG- 
LISH and BONNER) 791 


Pneumococcus: Soluble specific 
substance, chemical and im- 
munological studies (Hotcu- 
Kiss and GOEBEL) 195 

Type III, polysaccharide, aldo- 
bionic acid structure 


(Horcukiss and GOEBEL) 
195 
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Polysaccharide: Pneumococcus 
Type III, aldobionic acid 
structure (Horcukiss and 
GOEBEL) 195 

Porcupine: Quills, amino acids, 
basic (Block and HorwittT) 


99 | 


Potassium: Biological materials, 
determination, volumetric 
(Harrison and Darrow) 

631 

Protein(s): Abscess nitrogen 


metabolism, anemic and non- 


anemic dogs, relation (Dart, 
and 
WHIPPLE) 45 
Blood serum, blood cholesterol! 
relation (ScHWARZ ~~ and 
LICHTENBERG) 315 


Brain, amino acids, sex dif-— 


ferences, primate (BLocK) 
411 


Charge, calculation, electro-— 


kinetic theory (Moyer and 


ABELS) 331 
Eectoderm, nature (Brock) 
761 


Low, diet, blood serum lipids, 
effect (Pace, Farr, and 
WEECH) 111 

Metabolism, anterior pituitary 
growth preparation, effect 
(GAEBLER and Price) 497 

Mosaic virus, latent, isola- 
tion (Lorine and WycKkorPr) 

225 

Neuro-, chemistry (BLock) 

411, 761 

Tissue, composition (GRAFF 
and GRAFF) 79 
(GRAFF, and 
GRAFF) 71, 81 


‘Protein(s)~——continued: 
Tobacco mosaic virus, activity 


and yield (STANLEY) 205 
— —, determination 
(LORING) 637 


— molecular sedimen- 
tation constants (WYCKOFF) 


| 219 

Pseudokeratins: Ketoderm 

| (Brock) 761 
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Semimercaptals: Amino com- 
pounds, reactions (Scuu- 
| BERT) O39 
_ Sex: Brain proteins, amino acids, 
| primate, differences (BLock) 
| 411 
Difference, ketone body excre- 
tion (CHAMBERLIN, FuRGa- 


son, and Hau.) 599 
Hormone, male, ketone body 
excretion, administration 

| effect (CHAMBERLIN, FurR- 
| GASON, and Hatt) 599 
Skin: Respiration, vitamin D 
relation (PRESNELL) 5 


Sodium bicarbonate: Alkaline re- 
serve, ingestion effect (CAPE 
and SEVRINGHAUS) 549 

Sodium citrate: Alkaline reserve, 
ingestion effect (Care and 
SEVRINGHAUS) 549 

Substitution reaction: Walden in- 
version and, mechanism 
(LEVENE, RoTHEN,- and 


KUNA) 747 
Sucrose: Ultrafiltration (FLEx- 
| NER) 615 


Sulfur: Naphthalene with, 
growth effect (STEKOL) 87 
Sulfuric acids: Cerebroside, syn- 
thetic, blood clotting, effect 
(CHARGAFF) 187 
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Thiol compounds: Blood serum 
phosphatase activity, effect 
(THANNHAUSER, REICHEL, 
GRATTAN, and Mappock) 

721 

Tissue: Frog, hypertrophy, 
lipids, relation (Boyp) 783 

Tobacco: Mosaic virus protein, 
activity and yield (STANLEY) 

205 

—_ — —, —, measurement 

(LORING) 637 

— —  —, molecular sedimenta- 
tion constants (WYCKOFF) 

219 

Traumatin: Bean test, active 
principle (ENGLISH and Bon- 
NER) 791 

2,3,4-Trimethyl - a-methyl- d- 
galactoside: 2 ,3,4-Tri- 
methyl-a-methyl-d-galac- 
turonide methyl ester con- 
version (LEVENE and KREI- 
DER) 155 

2,3,4-Trimethyl- a-methyl-d- 
galacturonide: Methy!] ester, 
2,3, 4-trimethyl-a-methyl-d- 
galactoside, conversion 
(LEVENE and KREIDER) 

155 

Tubercle bacillus: Human, lipids, 
bound (ANDERSON, REEVEs, 
and STopoLa) 649 


819 

U 
Ultrafiltration: Thermodynamics 
(FLEXNER) 615 


Uronic acids: Hexoses, conver- 
sion (LEVENE and KREIDER) 


155 
V 
Virus: Mosaic, protein, latent, 
isolation (LoRING and 
W YCKOFP) 225 


Tobacco mosaic protein, ac- 

tivity and yield (STANLEY) 

205 

—, —, determination 

(LorING) 637 

— — -—, molecular sedimenta- 
tion constants (WYCKOFF) 


219 

Vitamin: C, diphtheria toxin 
effect (TORRANCE) | 31 

D, skin respiration, relation 
(PRESNELL) 5 
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Walden inversion: Substitution 
reaction and, mechanism 
(LEVENE, RoTHEN, and 
Kuna) 747 

Wood: Pectic substances, isola- 
tion (ANDERSON, SEIGLE, 


KrzNaArRIcH, RIcHARDS, and 
165 


MARTENY) 
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